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Abstract

Introduction

This is a users manua for VSMOKE, a computer program for predicting the smoke and dry weather
vishility impact of a single prescribed fire a severa downwind locations. VSMOKE is a
FORTRAN 77 program that depends on the input in file VSMOKE.IPT to generate output in file
VSMOKE.QUT., VSMOKE is hased on seady-state Gaussian plume modeling principles
compatible with those used by the U.S. Environmental Protection Agency. VSMOKE is uniquely
tailored as a plume model for a low to moderate intensity ground fire as an emissons source.

Keywords: Computer models, prescribed fire, smoke, visibility, VSMOKE.

Fog, smoke from forest burning, or a combination of both can reduce vishility.
Low vighility can increase the hazards of road travel. Land managers must be
able to assess the risk of a prescribed fire reducing visibility and increasing

driving hazards. Two numerical indexes, the Dispersion Index (Lavdas 1986) and
the Low Vishility Occurrence Risk Index (Lavdas and Hauck 199 1) were
developed to help managers make this assessment.

These indexes represent only pat of VSMOKE, a FORTRAN 77 computer
program designed as an amospheric disperson model that estimates the effects of
a prescribed forestry burn on air quality and visibility. Also useful for evaluating
similar emission sources, such as agricultural burns and wildfires, this dispersion
model is a modularly designed agorithm, from both an interna and externa
perspective. Components within VSMOKE are relatively easy to isolate, and the
program can become a component within a more extensive family of programs.
For example, VSMOKE fits into a family of programs when input data are
derived from the results of computerized fire and emissons models and output
data are used in pogt-processor programs, such as graphical display systems.

VSMOKE will help those responsible for forestry-prescribed burning assess the
hazards associated with smoke, especialy roadway hazards. As a “stand aone’
program, VSMOKE and this manual are designed to be used primarily by ar
quaity specidists with background in amospheric disperson modeling. This
user group will be particularly interested in the technica development and overal
performance of the model. Although the FORTRAN ligt-directed input format
should present minimal difficulty for these users, even the most experienced
should review the input/output sections, paying close attention to unique input
and output features.

The dructure and format of VSMOKE! and its associated input/output files allow
for development of pre- and post-processor programs to interface with other
users, including those directly responsible for prescribed forest fires. A few
sections in this manual are designed to help computer programmers and systems
analysts develop these interfaces. As these specialists become more familiar with
VSMOKE, they will be able to provide fue managers with information pertinent
to evauaing the visibility risks associated with a prescribed burn.



Getting Started
About thisManual

System Requirements

This manual has been divided into eight major sections to encourage and
facilitate user review.

. Getting Started describes topic arrangement, system requirements, and help
. avalability.

. Overview provides essentid background information.

« Sx Magor Modd Components thoroughly review the scientific basis of
VSMOKE.

. Inddling VSMOKE discusses how to obtain, indtdl, and test the program.

VSMOKE Program Characteristics presents generd programming  information,
specific input ingtructions, and output organization and agpplication.

. Literature Cited lists additional reference materials.
. Index provides quick access to specific topics.

« Appendixes present input examples, output layout, and an output data index.

VSMOKE is written in the FORTRAN 77 programming language and fully
conforms to the standards of the American Nationd Standards Institute (ANSI)
X39.1978 (full language). (See ANSI 1978). VSMOKE was developed and
tested on both the USDA Forest Service Data Genera MV4000 computer system,
under ISCLI, AOS/VS F77 FORTRAN 77, Revison 04.02 Data Generd (DG);
and on an 80386 IBM-compatible personad computer (PC), under MS-DOS,
Verson 50, usng Microsoft FORTRAN, Version 5.0, and invoking the 80387
math co-processor (PC). This release of VSMOKE is supported on the PC-
compatible environment only; however, its development on the Data Generd helps
ensure that the program will work on a wide variety of systems. The near
universdity of the FORTRAN language and the program’'s use of standard syntax
dso assure wide applicability.

In the PC environment, version 19950128 of the VSMOKE source code takes up
246,909 hytes; the object code (compiled using the PC "4Yb" option) is contained
in 3 segments of 6,373, 73,486, and 69,459 bytes, and the executable code takes
155,138 bytes. At least 3 Megabytes (MB) of storage should be avallable to hold
the VSMOKE! source, object, and executable code, while alowing some room for a
modest library of input and output files. More extensive libraries will require
additiond space. Allocating a directory for housing VSMOKE and its associated
files is advised.

VSMOKE execution times were rapid in the tested environments. Program
processing times averaged less than 1 second per analyzed period when crossplume



Getting Help

Overview

sightline estimates were not calculated, and averaged about 3 seconds per period
when sghtline estimates were included. In the 80386 PC environment, a
mathematical co-processor (80387) is needed to attain rapid execution times. Such
co-processors are integral to more recent PC systems such as the 486. The co-
processor is aso required to maintain program accuracy.

The exact procedures for setting up and running FORTRAN 77 programs will vary
considerably among host system environments. Host system environment refers to
the computer hardware and software systems that include the operating system,
Fortran compiler, linker, libraries, mathematical co-processor, and other specifics
involving the executable code, including its interaction with input and files-some
of which cannot be directly specified by the Fortran source code. These
complexities prevent prediction of the exact behavior of VSMOKE within an
untested  environment. Fortunately, both the highly transportable nature of the
FORTRAN 77 programming language and VSMOKE's adherence to the ANSI
Standard for the language maximize the uniformity of the behavior of VSMOKE in
a vaiety of computational environments. Thus, necessary adaptations to non-PC
enviromnents should be minimal,

Users should be familiar with the behavior of FORTRAN 77 programs on the host
system before setting up and running VSMOKE. Users wanting more details on
implementing VSMOKE as a computer program than this manua provides should
consult the FORTRAN 77 computer code. The code is accompanied by numerous
comments that explain the mathematical and scientific aspects of the program,
program  structure, input/output  procedures,  efc.

VSMOKE is primarily a tool for analyzing the effects of a single prescribed fire.
Using an emissions source geometrically configured to match that presented to the
atmosphere by a prescribed fire, the program estimates smoke concentrations and
crossplume Sightline characteristics a specified downwind distances from the fire,
Current scientific knowledge and data acquisition of the operationa environment
limit the applicability of VSMOKE sightline estimates to relative humidities less
than 70 percent. VSMOKE aso calculates two indexes that further support the
single fire analysis by providing a context for evaluating smoke from multiple fire
activity and the risk of smoke-related traffic hazards. These two indexes are aso
applicable in humid conditions when VSMOKE single fire sightline estimates tend
to be unreliable.

VSMOKE uses a steady-state, period-by-period, Gaussian plume anaysis to
estimate downwind smoke concentrations and visud characterigtics. The period-
by-period analysis alows fire characteristics and the atmospheric environment to
undergo considerable change during the course of a run. As with many U.S. EPA
(1986, 1987) disperson models, each period is considered independently.
VSMOKE stores each period's data for a worst-case summary analysis.



VSMOKE is designed to be used either aone or as a component within a system of
automated prescribed fire management aids (e.g., as part of a baich programming
job). Scientifically definable processes readily caculable from available input data
are represented within VSMOKE. However, some modeling compromises are
necessary. “Best estimates’ are provided when the physics of the problem are
relatively well understood. “Conservative estimates” assume the worst and are
provided when the physics are poorly understood or their mathematical
representation is too complex or time consuming for rapid execution in an
operationd  environment. To help account for uncertainty in current knowledge,
flexibly desgned input wvariables alow preliminay or even Speculative assessment.

VSMOKE uses a single input file to obtain al required data. The input format has
been kept as flexible as possble within the standard FORTRAN 77 programming
language processing requirements. Extensive eror detection procedures are
employed on the input data set, with provisions for immediate screen-based
feedback and more permanent file output when problems arise with any input
value.

VSMOKE output goes primarily to a single file, with auxiliary end-of-run and
error messages also output to the screen. The VSMOKE output format facilitates
using automated post-processor programs (such as graphica display programs)
while maintaining a presentable printout appearance. VSMOKE output is listed in

three sections: an “echo-print” of al data successfully read into the program, a
period-by-period analysis, and a wordt-case summary constructed from the period-

by-period  analysis.
VSMOKE consists of six major computationally oriented components:

1. Optiond modeling of pollutant condtituents and heat emissions, and the initia

veticd and horizontal digtribution of smoke; the user may input the necessary data
(perhaps from a forestry fuels emissions model), or use the simple emissions model
contained in  VSMOKE.

2. A plume rise model, integrated with the input specifications of the proportion of
smoke subject to plume rise and the vertical distribution to be assigned due to
plume rise effects.

3. A conventiond steady-state Gaussian plume atmospheric disperson model that
yields estimates of smoke concentrations at a number of distances directly
downwind from the fire.

4. A crossplume sightline characteristics model that yields visibility and contrast
retio estimates for the plume a the same downwind distances; these estimates are
vaid only if the ambient relative humidity is below 70 percent.

5. An aeawide disperson rate model that yields a Dispersion Index (DI).



6. A datisticad model of the observed proportion of low vishility occurrences a
Florida accident sites, which yields a Low Vishility Occurrence Risk Index
(LVORI).

These components are interrelated as smoke hazard management aids and, in some
cases, are closely related mathematicaly. The interrelationships are summarized in
the following list:

. Component 1 directly contributes to estimates yielded by components 2 and 3.
. Component 2 directly contributes to estimates yielded by component 3.
. Component 3 directly contributes to estimates yielded by component 4.

. Some mathematical association is present between output variables from
components 2, 3, and 4 and the indexes yielded by components 5 and 6.

. Component 5 directly contributes to the index yielded by component 6.

VSMOKE procedures are relatively smple and computationaly efficient. The
conservative nature of VSMOKE estimates alows the model to be used as a
screening system to point out the potentid for smoke-related hazards. Where
potentia  smoke problems are indicated, more mathematically complete models can
be run to better describe the nature of the hazard. INPUFF, Verson 2 (Petersen
and Lavdas 1986) is a more complete disperson model that considers the effects
of wind variations in space and time. The PLUWE Il model (Seigneur and others
1984) provides more complete vishility anaysis oriented to plumes from

industrial - stacks. These models demand more input requirements and computer
resources than VSMOKE, and may not adequately represent the geometry of a
forestry-prescribed fire smoke source. Although INPUFF, Verson 2 can
accommodate prescribed fire emissions in most respects, it does not account for
“gradua” plume rise (i.e, rise as the smoke leaves the vicinity of the fire).

VSMOKE is based on weather conditions and smoke-related problems found in the
Eastern United States. VSMOKE smoke concentration and sightline
characteristics estimates can be applied cautioudly in the West, but the spatia
varighility of windflow over rugged terrain will limit the plume modd’s
effectiveness. VSMOKE DI estimaies are based on widely applicable physica
principles and should be applicable to any location. The LVORI is based on
datistics from Florida and cannot be applied indiscriminately to other locations.
However, subjective evidence gained from experience in forecasting and
monitoring LVORI does suggest that the risk pattern indicated by the Florida data
can be directly applied to those humid areas within a few hundred miles of the Gulf
Coast that are capable of sustaining a forest.

! Pasondl communication, G. W. Rippen. 199 1. Meteorologist, GeorgiaForestryCommission,Macon,GA.
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Scientific Basis— Fundamentaly, VSMOKE is not an emisson model; it is a meteorologicaly
Six Major Model oriented model that uses information from other available models that best
describe the emissions and plume behavior of a ground fire. Research in

Components forest fuels, fire behavior, and the chemistry of smoke production is reflected
Smoke and Heat within VSMOKE primarily by its input requirements. Because research has not
Emissions and Initial yet led to ubiquitous emissions models for al fuels and burning conditions, a
Smoke Distribution simple emissions caculation procedure has been incorporated within VSMOKE as

a “fal back” option. However, the option to input emissons data on a period-by-
period basis should be used whenever the necessary data are avallable. VSMOKE
input requirements are based on the Sandberg and Peterson (1984) Source Strength
model for Coniferous Logging Slash in the Pacific Northwest2 This model yields
particulate matter, carbon monoxide, and heat emissions estimates on a period-by-
period bass, smulating emissons behavior through the complete life of a fire,
from ignition to smoldering. Using other emissions models or assumptions is
acceptable if al VSMOKE input requirements are met.

If period-by-period emissions data are unavallable, VSMOKE uses an extension of
the method developed by Lavdas (1982) to estimate smoke and heat emission rates
during the course of a fire. This method was aso developed from forestry-
prescribed burning data in the Pacific Northwest-an analysis of burning activity
near the Wilhunette Valley, Oregon and its effects on particulate matter
concentrations within the valley. Figure 1 shows time dependence of fire
characteristics assumed in  VSMOKE.

FIRE PARAMETER ASSUMPTIONS

Smoke emissons rate  Held constant for a given duration, TCONST, then undergoes exponential decay (as Specified
by the decay constant, TDECAY)

Heat emission rate Held congtant for a given duration, THOT, not to exceed TCONST, then assumed to be zero.

Figurel—Time dependenceof fir echaracteristics assumed in VSM OK E

*Thecurrent version of theSour ceStrength model isreferred toastheEmission Production M odel(EPM).  Thismodel yieldsperiod-by-period
estimatesof par ticulatematter inthe2.5and 10micrometer size classesas well ag for total par ticulate matter ,carbon monoxide, car bon dioxide,
and hydrocarbons (CH,JThemodel also providestotal heatrelease r atcestimatesin BTU’ s per second; thesemust beconverted tomegawatts
(mw) before they areused in VSM OK E (1BTU/sec = 1.055 1*10™ mw). Version 1.02 of EPM handlesbumsin selected fuel typesin Oregon

and Washington on both sidesof the Cascade Divide. (Per sonal communication. 1991, 1995. Roger Ottmar, Acting Project Leader, USDA
Forest Service, PacificNor thwest Resear ch Station, Seattle, WA.)



Mathematically, the time dependency of smoke and heat emission rates of the
built-in VSMOKE model are expressed as follows:

SMPEAK = a constant (1)
gmu-ma@

SMDCAY = (SMPEAK e[ L (2)

HRPEAK = a constant (3)

HRDCAY = 0.0 (4)

where

SMPEAK = pesk smoke emission rate (during TFIRE to TFIRE +
TCONST interval),

SMDCAY = smoke emission rate during smoke decay period,

HRPEAK = heat emission rate (during TFIRE to TFIRE + THOT
interval),

HRDCAY = heat emission rate thereafter (Set to zero),

TFIRE = fire start time in hours as input,

TCONST = period of condtant emissions in hours as input,

TSIM = model simulation time in hours,

TBGDCY = TFIRE + TCONST,

TDECAY = exponentid decay coefficient in hours as input, and

THOT = period of sign&ant convective heat emisson in hours as input.

This technique as applied in VSMOKE can yield period-by-period smoke
emissions estimates that tend to follow those given by Sandberg and Peterson
(1984). The applicability of the technique outside the Pacific Northwest has not
been specificaly verified. However, by using user input for the three time
parameters in a time-dependent modeling context, VSMOKE  time-dependent
emissions estimates may be applied with a degree of confidence comparable to the
input  estimates  themselves.

Other user input data characterize the geometric configuration of the fire as an
emissons source to the atmosphere. The initidl geometric configuration is defined
by the following:

1. Specification of the area of the smoke source (ACRES®). VSMOKE generally
congtructs its emissions source as a line a the downwind edge of a square of size
matching the user input; a zero or negative input value directs the model to
congtruct a point as an emissions source.

3 Thecapitalized namesin par enthesescorrespondtothevar iablenamesdiscussedin"VSMOKE | nput.”



Plume Rise and Vertical
Smoke Dbtribution

2. Specification of any initid Gaussan disperson of the pollutants in the
horizontal (OYINT()*) and verticd (OZINT(I)®) directions present at the source
site. These initid coefficients can be used to characterize how turbulence and flow
paterns near the fire affect the distribution of nearby smoke on a period-by-period
bass. For example, heat a a smoldering burn ste might be expected to result in
modest lifting of some smoke within the dSite, but might be too difficult to caculate
by using plume rise modeling techniques. Observed effects of low heat output on
the vertical smoke distribution a the site can be accounted for by specifying an
appropriate value for initid vertica dispersion.

3. Specification of the digtribution of smoke affected by plume rise. This
specification strongly affects the initid verticd ditribution of pollutants when
plume rise occurs. (For additiona information, see Plume Rise and Vertica
Smoke  Didtribution.)

Specification (1) and the horizontd portion of specification (2) determine the
“initid” horizontl digtribution of pollutants, while both the verticad portion of
specification (2) and specification (3) determine the “initid” vertical distribution.
Specification (2) aso yields initid Gaussian dispersion coefficients for the fire at
the fire dte, which are applied to al subsequent model calculations. In contrast,
spedification (1) yidds an initidly horizontaly uniform digtribution dong the
complete length of the effective line source. Specification (3) can yield ether a
point source a the caculated plume rise height or a verticaly uniformly distributed
source. Specification (3) aso determines the proportion of smoke emissions
affected by plume rise. Any remaining smoke is treated as ground-based
emissons. These digtributions are further acted upon by the transport-related
dispersion processes in VSMOKE described in Smoke Concentrations.

In VSMOKE, plume rise is the height smoke emissions reach as a result of
convective effects from the fire's heat emissons. Smoke concentrations a ground
level, especially those close to a fire, are extremely sensitive to plume rise effects.
In paticular, the presence of smoldering smoke sources, which lack the necessary
heat to generate significant plume rise, creates a potentiad for excessive nearby
ground level concentrations (SFFLP 1976, Lavdas 1978). This ground smoke can
be a magor contributor to traffic accidents (Nationa Wildfire Coordinating Group
1985). Accordingly, VSMOKE uses a pragmatic, concentration-estimate-based,
bottom-line philosophy with respect to plume rise estimates similar to that
expressed by Briggs (1975) who stated, "I prefer to define plume rise as [the valug]
one would need in the diffiion equation to correctly calculate the maximum
ground  concentration.” VSMOKE includes unique descriptor input variables for
plume rise and plume rise associated effects on the initid vertica distribution of
smoke. These variables are designed to help the model correctly depict ground-
level concentrations as a function of downwind distance from a fire.

VSMOKE relies on plume rise equations developed for indugtrial stacks to
determine the potentid height of smoke due to heat emissions (Briggs, 1969, 1972,
1975). VSMOKE dso includes an option for setting the verticad distribution of



*Equation 11, page 63, of Briggs (1975).

smoke resulting from plume rise effects. The vertical didtribution may be set to
leave a portion of smoke on the ground to distribute smoke uniformly from the
ground to the caculated plume height, or both.

Plume rise, as estimated by Briggs, is a function of buoyancy flux, amospheric
stability, and downwind distance. In VSMOKE, buoyancy flux, F, is a function of
the total heat emission rate of the fire, Q. Qy is the product of the total fuel mass
loss rete within the fire times the heat value of the fudl. Following SFFLP (1976),
the heat value of the fuel is 0.014651 Joules per gram (or in SFFLP units, 3500
caories per gram). Briggs (1975) developed the following equation’ for buoyancy
flux:

G Qy
nCppT

F=

®)

where

F = buoyancy flux (due to the heat emissions of the pollution source) in
meters raised to the fourth per seconds raised to the third,

G = acceleration of gravity,

Qy; = total sensible heat emission rate,

Cp = specific heat of atmosphere,

p = densty of the aimosphere, and

T = temperature of the atmosphere.

In VSMOKE, equation (5) is smplified by assuming:

1. The ided gas law, i.e, P = pRT, (where P is atmospheric pressure and R is the
gas congtant for dry air).

2. The diatomic molecule ided gas assumption that C£ = %

ep

3. Standard atmosphere a sea level vaues for G and P; 9.80665 ms? for G and
101,325 pascals (i.e, 1013.25 mb) for P.

These assumptions yield the following approximate equation for F in VSMOKE:

F = 8.8021 Qy ®)

where

Qg is expressed in megawatts.



Once an estimate of buoyancy flux is obtained, the appropriate plume rise
equations can be selected. First, the value, DTHETA, of the vertica potential
temperature gradient (a measure of atmospheric temperature change with respect to
height above the ground) is used to sdlect an equation for predicting find plume
rise. If DTHETA is at least 0.001 K m?, indicating stable conditions, the

following two equations are evaluated to yield “candidate” find plume rise
estimates. (NOTE Definitions of variables for equations (7) through (12) are
given on pages 11-12.)

Find plume rise equation for DTHETA » 0001 K m? in most wind conditions is:

Hpy = 2. _Fﬁﬁ
Fs 4U S Q)
Find plume rise equation for DTHETA 2> 0001 K m™® in very light winds is.

1 3

Hey = SOF* § 8 ®

where, in equations (7) and (8)

§:=0 80665( Dgg“] 1))

An additional “candidate” fmal plume rise estimate is evaluated if the atmospheric
conditions are regarded as stable. This same estimate produces the only
“candidate” fma plume rise estimate if the vertica potentia temperature gradient,
DTHETA, is less than 0.001 K m?, i.e, indicating a neutrd or unstable

atmosphere.  The choice of equations to produce this estimate is based on the value
of the edtimated buoyancy flux, F (from equation (6), or more generaly, equation

(3):

For F < 51602 m*s?:
3
Hps = 21.425F U (10)
For F> 51.602 m* s3:

3
Hpys = 38.710F U, an

10



The following scheme is used to select the “winning candidate estimate” for final
plume rise, HF, (i.e, the plume rise ultimately attained as the plume moves
downwind) from the various applicable “candidates’:

1. f DTHETA > 0.001 Km" AND F < 51.602 m* 5%, H, = the minimum of Hpg
(from equation (7)), Hyy (from equation 8)), or Hegs (from equation (10)).

2. If DTHETA > 0001 K m® AND F > 51602 m* 53, H, = the minimum of Hegg
(from equation (7)), Hey (from equation (8)), or Hpys (from equation (11)).

3. If DTHETA < 0.001 K m™ AND F <5 1602 m* s, Hy = Hpyys (from equation
(10).

4 1f DTHETA <000LK m™ AND F > 5 1602 m* 5%, Hy = Hppyys (from equation
(11)).

5. An additional regtriction on the value of Hg is placed, regardless of the value of
DTHETA OR F: H; may not exceed the input value of mixing height, Ay

Generdly, the plume rise used in subsequent model calculations in VSMOKE is
dso dlowed to be a function of downwind distance. That is, the model smoke
plume usudly climbs as it is transported downwind until final plume rise is
atained. For a drictly limited type of VSMOKE application, including the effects
of gradua plume rise with respect to downwind distance may not be necessary.
However, for most operationa applications of VSMOKE, the gradua plume rise
option® compares the fmal plume rise estimate, Hg, to the partid plume rise
estimate, Hp,gy Dased on the Briggs (1975) "2/3 distance dependent law.” The
lower of the two values iS applied to subsequent model calculations for that
specific  downwind distance.

The Briggs "2/3 distance dependent law” partial plume rise, Hp,pyp, €Simate is

independent of DTHETA, i.e, it is used for al amospheric stabilities. The
following equation estimates Hpagy:

1 2
Hpper = 16 F3(1000 Xgp* U;™ (12)
where separate estimates of Hp,pp @€ made for each downwind distance, X,.
Definitions of variables for plume rise equations (7) through (12) follow:
Hg = “find” plume rise in meters,

H s = "final” plume rise generaly in near neutral or unstable
conditions,

$This option iscontrolled by thevariable LGRISE. SeeVSMOKEI nputRequirements(page78)for mor einfor mation.

1



-

Hg = “find” plume rise for most stable conditions,

Huw = “find” plume rise in stable, very light wind conditions

Hparr = “partid” plume rise in meters,

S = a dability parameter in inverse seconds squared,

DTHETA = verticd potentid temperature gradient in degrees Kelvin per meter; in
VSMOKE, DTHETA s assigned a zero value if the dtahility class is
unstable, or near neutrd during the day; a night, DTHETA is &t to
0010 for near neutrd stability, 0.020 for dightly stable conditions,
and 0.035 for moderately or extremely stable conditions (stability
class, itsdlf, is either defined by input or determined from other input
data within the model),

THETA = representative potential temperature in degrees Kelvin (defined by

input),

U= transport windspeed in meters per second for the period, as used in plume
rise caculations (not alowed to be less than 0.5 meters per second) (defined
by input),

Xy = downwind distance in  kilometers, and

A , = mixing height in meters (defined by input).

Because the Briggs plume rise equations were developed for tall stacks, the
modeling of plume rise from ground fires must be approached cautioudy. Intal
stacks, smoke and heat emissions are directly associated with each other, while in
ground fire, extensve areas of smoldering (with high smoke emissions but little
significant heat production) may be well removed from actively flaming aress.
One relevant theoreticd question was formulated: “Is direct and complete
involvement within a single convection column observed for al smoke generated
from all possible geometric configurations of ground fires? Numerous informal
and forma observations (SFFLP 1976) yielded a “No” answer, a least for low or
moderate intensity prescribed fires (or for high intengty fires as they are dying).
Accurately predicting ground fire plume rise remains uncertain because estimates
of plume rise based on stack data may not be applicable and the proportions of
smoke that ultimately undergo complete, incomplete, or ingignificant plume rise are
largely  unknown.

The practicdl smoke management implication of the plume rise prediction problem
is that at least a fraction of the smoke from a ground fire may be close enough to
the ground to result in potentidly high ground-level smoke concentrations near the
fire. Hazardoudy high smoke concentration values might not be picked up by
dispersion model estimates unless suitable adjustments are made to the model’s
plume rise equations, dispersion equations, or both. Any disperson model for a
ground fire using the unmodified Briggs stack plume rise equations is likely to

greatly underestimate the potential hazard from ground level smoke near the
source.

In the first attempt to quantifiably evaluate this problem, Lavdas (1978) tested the
Briggs equations againgt verticd smoke digtribution data obtained from three low-
intensity test fires by aircraft nephelometer sampling. Fire and atmospheric
parameters for the test fires fell into the following ranges. buoyancy fluxes (values
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of F as given by equation (6)) from about 300 to 1,000 m* s, line lengths from 80
to 200 meters (m) within areas of about 1.75 to 10 acres, fuel consumed mostly to
totally by a single line of fire, and transport windspeeds from 5 to 12 ms. The
Briggs formulas excelled in predicting maximum observed height of smoke from
these fires. However, significant amounts of smoke were found well below the
predicted height, some near the ground. Based on optimizing the performance of
the Gaussian plume model in predicting smoke concentrations near the ground
using Pasquill-Gifford-Turner dispersion  coefficients (Turner 1970), Lavdas
(1978) proposed dlowing 60 percent of the smoke to rise to Briggs height, while
leaving 40 percent to disperse from ground level. This modification to the plume
rise equations resulted in a good fit to observed ground-level concentrations near a
fourth test fire. A recent, unpublished analysis® tested the effect of a curtain-like
verticdly uniform digtribution of smoke from the ground to Briggs plume height
for 75 percent of the smoke, while leaving 25 percent to disperse from ground
level. This digtribution resulted in a dightly better fit for predicted ground level
smoke concentrations and a much improved description of the observed vertical
profiles of smoke.

To accommodate these limited findings and the heurigtically reasonable
extrapolations from available information and observations of plume behavior
effects on ground-level concentrations, VSMOKE adds the following user-input-
driven specifications,7 which greatly extend the Lavdas (1978) formulation:

1. Specification of the proportion of smoke (i.e, from zero to one) subject to
plume rise pProcesses.

2. Specification of whether the rising portion of smoke is to be dispersed solely
from Briggs height or as if from a uniform “curtain” extending from the ground to
the Briggs height.

Any smoke not subject to plume rise processes is left to disperse from ground
level.

The ability of the VSMOKE model to accommodate a single, initidly verticaly
uniform source within a surface-based vertical layer is unique among plume
disperson models. Gaussan plume disperson effects on the initidly uniform
vertical “curtain” of smoke are calculated as the smoke is transported downwind
with reference to plume concentrations a ground level. (See Smoke
Concentrations for more information.)

¢|_avdas(1991) unpublished analysis.

TThetwospecificationsare controlled by asingleuser input variable. | petiod-by-period emissions dataare available(i.e.,if LQREAD is

TRUE), thecontrolling var iableisEMTQR(I),whichisspecified onaperiod-by-period basis. | f such dataar enot avail abl (LQREAD=FAL SE),
thecontrolling variable iSRFRC. In either case, thevalid rangeof valuesisfrom-1to + 1. Itsabsolutevalue contr ol stheproportion of smoke
subjecttoplumerise,whileitssigncontrolsthever tical distr ibutionassignedtoplumeriseassociatedsmoke.SeetheV SMOK El nput
Requirements, Input Variablesfmore infor mation.
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Smoke Concentrations

Sdecting a Disperson
Model

A third plumeriserelated specification determines whether the final plume height
is reached immediately or gradualy as the smoke travels downwind (i.e., whether
or not the downwind distance-dependent plume rise value, Hpsgy, IS COnsidered in
the plume rise estimate). Gradua plume rise effects normally should be calculated.
The dternative option forces the fina plume rise value, Hg, to be used a all
downwind distances and is primarily intended for occasions when benchmark runs
of VSMOKE may be required for models that do not include gradua plume rise in
their calculations. For example, certain puff models (INPUFF, 2.0) (Petersen and
Lavdas 1986) are designed to include the effects of varying wind flow on smoke
trangport and dispersion, but use the find plume rise vaue for the height of dll
puffs. Although such puff models are less physicaly redigtic in terms of plume
rise caculations near the source, they can depict changing wind conditions,
spatidly varying wind conditions, or both more redigticdly than VSMOKE can.

Combining the various plume rise related specifications with the specification of
initid  vertical dispersion, gives VSMOKE consderable flexibility in specifying the
overd| initid digribution of smoke in the verticd dimension (fig. 2). If al smoke
undergoes “significant plume rise”, little or no smoke is present a ground level for
some distance downwind (fig. 2, pat A). In the split plume rise option ground
smoke is present a al downwind distances (fig. 2, part B); however, the vertica
profile of smoke near the fire is often unredlistic. The smoke curtain option (fig. 2,
part C) often improves the readism of the vertica smoke profile and can be used to
approximate the effects of gravitationa settling of larger smoke particles in the
plume. This last option aso may include ground smoke.

VSMOKE is designed to readily accommodate revisons in the methodology for
cdculating and, to some extent, utilizing plume rise. Current knowledge is scanty,
and independent investigations may yield sgnificantly different results. The
sengitivity of VSMOKE edtimates to plume rise assumptions and model input
vaues is very high, particularly near the fire in stable conditions (i.e, under
conditions in which potentid hazard is greatest). Therefore, the effect of any
plume rise revisons on the “bottom line’ smoke concentration estimates of
VSMOKE should be carefully considered before they are used in an operationa
environment.

The largest single computational component within the VSMOKE computer
code is its singlesource, steady-state, Gaussan plume amospheric dispersion
model. To visudize such a model, imagine a uniform air mass with steady wind
direction and speed. Any pollutant will be carried downwind by this mean wind.
The Gaussian plume model assumes that the uniform wind flow is disturbed by
smdl random perturbations (i.e, wind fluctuations such as gusts, lulls, and
momentary wind shifts). The character of these perturbations causes
measurements of pollutant concentrations along a cross-section a right angles to
the mean wind to assume a Gaussian shape.
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FIRE NEAR FIRE AT LONGER DISTANCES

LITTLE OR NO SMOKE SOME SMOKE REACHES GROUND
A ALL SMOKE RISES

GROUND SMOKE DEPENDS ON RA SMOKE E\7ENTUALLY MIXES
B. SPLIT PLUME RISE WITH RISE-NO RISE RATIO SET BY INPUT

SOME SMOKE ONGK%IDBDIMMEDIATELY SMOKE CONTINUES TO MiX WITH
QNF;EOG?I'T IONAL GROUND SMOKE ADDS LOWERING CONCENTRATIONS

C. SMOKE CURTAIN WITH OPTIONAL GROUND SMOKE

Figure 2-Effectsof plumeriseoptionsonsmokeconcentr ationsat theground.
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Hanna and others (1982) provide a generic description of the Gaussan plume
model and compare this modeling approach to some of the more mathematicaly
comprehensve and demanding disperson modeling techniques. The following
remarks summarize their assessment of the Gaussian plume model:

",,.is dill the basic workhorse for dispersion calculations,

. . . produces results that agree with experimental data as well as
any model; . . .is a relaively easy framework to mathematically
solve; . . .is appeding conceptudly; . . . is consistent with the
random nature of turbulence; . . . is a solution to the Fickian
diffusion eguation” . . . has found its way into most government
guidebooks, thus obtaning a ‘blessed dtatus” and [dthough it
contains much empiricism] *. . . other so-caled theoretica
formulas contain large amounts of empiricism in their find
stages.”

Traced back to the work by Taylor (1921), the Gaussian plume model has been
refined by many: Sutton (1947), Pasquill(196 1, 1974, 1976), Gifford (1961),
Turner (1964, 1970), and Irwin (1983). Continuing research tends to confirm that
the Gaussian plume model is no longer “state of the art” (Venkatram and
Wyngaard  1988). Yet, the difficulty in obtaning the data required to run more
accurate  models-particulaly on an operational, red time basis-leaves
significant gaps between theoretical representations of atmospheric motions and
the best avalable means of operationdly characterizing them from available data
in red time. Currently, for many ar quaity anadyses needs, the Gaussan plume
dispersion model is gill a “workhorse” As recently as 1987, in the U.S. EPA’s
“Guideline to Air Qudity Models' (U.S. EPA 1986, 1987) nearly al U.S. EPA
“preferred models” and the majority of “aternative models” were based on the
Gaussan plume model.

Evaluating the input requirements of a disperson model is a particularly relevant
problem for forestry-prescribed burning. Prescribed fire is a relaively inexpensive
land management tool usualy conducted in remote locations. At any given
location, a prescribed fire is a transent pollution source. Compared to wha is
often available for a large dationary pollution source for which specialized
amospheric monitoring is typicaly available and often mandated, resources for
and knowledge about collecting and using meteorologica data on ste are limited.
The amospheric monitoring of large Stationary pollution sources should gradualy
lead to increasing use of rather sophisticated dispersion models. These models will
require and effectively utilize data such as continuous measurements of wind,
temperature, pressure, and moisture variations in verticd and smal horizontd
scales; direct measurements of turbulent parameters such as very short-time-scale
fluctuations of horizontal and verticad wind; and various means of describing Ste

$A very smpleform of theFickian diffusion equation statesthat thefir st derivativeof concentration withrespect totimeisequal tothesecond
derivativeof concentration with respect todistancetimesadiffiivity constant, usually denoted by"K."A more complex, but still incomplete,
form usesdiffering values of K inthedownwind, horizontal cr osswind, and ver tical dir ections.
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and surrounding variables that affect wind flow and turbulence, such as roughness
parameters and surface heating coefficients. Models with these data requirements
will be of little practical value in rea-time operationa analysis of smoke from fires
a remote locations until technological and theoreticdl advances provide the means
to monitor the required input on a nationa scale. Even as data sources become
more complete, and more complex models are implemented, the Gaussian plume
model will probably continue to be used as a screening analysis tool.

The limitations of currently available red time data include its inability to properly
define wind fluctuation dtatistics, characterize vegetative or terrain roughness
except in a crude sense, or confidently describe many meteorological variables in
the vertical. The Gaussan plume model has several advantages in this type of
operational environment, especialy when used as a conservative screening tool. [t
is readily understood by nonmeteorologists, its strengths and wesknesses are well
known within the meteorologicd community and readily communicated to foresters
and administrators; its input requirements are relatively well matched to the level
of information available in red time a remote forest locations; and it is based on
data sets that are particularly well suited for predicting ground-level concentrations
near a ground-based pollution source (Briggs 1988). This last advantage is
particularly significant, given the roadway safety hazard potential associated with
smoldering smoke and the need for a reasonably accurate system to characterize
the risk and extent of potentid hazard.

VSMOKE does not consider any changes in any of the pollutants during the time
smoke travels from source to receptor. The simplest mathematical method of
accounting for pollutant remova uses first order decay processes of pollutant
condiituents.  Some Gaussian plume disperson models use a pollutant exponential
decay congtant or half-life decay constant (Irwin and others 1985). According to
Hanna and others (1982), first order decay can be utilized for some wet deposition
(usng a scavaging coefficient), chemica transformation processes (using a
chemica decay rate coefficient), and radioactive pollutants. VSMOKE makes no
alowance for first order decay, and no first order decay effects have been
documented for forestry smoke to the author's knowledge. First order decay
reduces pollutant concentrations, and if decay effects do occur within forestry
smoke plumes, VSMOKE concentration estimates may be too high.

Overestimating smoke effects because physical processes are poorly understood or
accounted for introduces a degree of conservatism, a desirable tendency in the
screening applications for which VSMOKE is designed.

Other processes that may transform or remove pollutants within the atmosphere
include settling and deposition. These processes can be modeled by using one or
more velocity coefficients, which assume that particles move downward a the
given speed(s) as they are transported downwind. Gravitationa settling efficiently
removes large and dense (massive) suspended particulates, but has no effect on
carbon monoxide. Because forestry particulates are relatively small they are less
affected by settling than are particulates from urban sources. According to
Petersen and Rumsey (1987), dry deposition includes a number of remova
mechanisms, including gravitational settling, turbulent and Brownian diffusion,
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Applicability of the
VSMOKE Steady-State
Gaussian Plume Dispersion
Model

chemical absorption, inertial impaction, and thermal and electricd effects. Some
particles may actualy be reintroduced into the atmosphere by mechanical
resuspension (e.g., a dust storm). The Gaussian plume PAL 2.0 model (Petersen
and Rumsey 1987), and Gaussian puff INPUFF 2.0 model (Petersen and Lavdas
1986) are U.S. EPA disperson models that include the effects of seftling and dry
depostion. Both models include settling and deposition velocity as input
parameters.

The governing equations for deposition and settling processes within PAL 2.0 and
INPUPP 2.0 are somewhat complex and time consuming compared to remaining
model computations. In INPUPP 20, the incluson of dry depostion and settling
effects considerably increases computational time. A test that included settling and
dry deposition velocities thought to be characteristic of forestry smoke (Chi and
others 1979, Buck 198 1) did not have a decisive effect on INPUFF 2.0 smoke
concentration estimates. Deposition and settling computations are not included in
VSMOKE Dbecause: (1) they are relatively demanding, (2) their effect is to lower
agoregate smoke effects at any given distance from the fire, and (3) any tendency
they might have to increase smoke effects at ground level near the fire can be
simulated by simple adjustments of VSMOKE input parameters.

Other pollutant transformation and removal processes, such as wet deposition
modeling, are mote difficult or even impractica to include in a steady-state plume
model. Some wet deposition modeling techniques use washout ratio which, in a
limited way, can defme a wet depostion velocity analogous to dry deposition
velocity. This type of wet depostion can be incorporated in a steady-state plume
model. However, most photochemical transformation modeling, used for urban
area pollutants such as 0zone, uses chemica kinetic relationships within the
framework of gradient transfer models-a very different framework from that used
in VSMOKE.

The steady-state Gaussian plume model context is used in VSMOKE because it
has a good track record and is generaly accepted, easily understood, adaptable, and
compatible with the congtraints of forestry field-level planning and red time
goplications. The Gaussian plume model is aso an attractive methodology for
“‘worst-case” analysis in “pre-planning” or “screening” operational
environments-such a model can eficiently identify scenarios requiring the use of
more precise and demanding computationa methodologies. Computational
demands preclude the use of settling and deposition adaptations of the Gaussian
model, while the desirability of conservative smoke impact estimates precludes the
use of pollutant decay coefficients associated with smoke travel distance.

The steady-state Gaussian plume model used in VSMOKE is best suited for
considering the effects of a single fire within periods of constant or dowly
changing fire, smoke emission, and weather conditions, during which the smoke

concentration field can be accurately depicted within a steady-state framework.
The period-by-period analyss employed by VSMOKE dlows some consideration
of changes in fire and weather conditions. However, VSMOKE caculations for
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any given period are independent of those for any other period, i.e, the weather or
emissions of past periods have little direct effect on concentration estimates for the
current  period.

The Gaussian plume model is based on the idea that while pollutants are steadily
and bodily transported downwind by the “mean transport vector” of the wind field,
small-scale turbulence disperses the pollutants in directions perpendicular to the
mean transport direction. This results in a Gaussan distribution of pollutants with
respect to crossplume distance from the plume centerline. Because horizontd and
vertical turbulent motions differ greatly, the model caculates two Gaussian
coefficients to dedl with horizontd and vertical pollutant displacements. The
Gaussian plume model is used successtully when the following conditions are met:

. Turbulent motions are of small space and time scale with respect to the mean
flow.

. Turbulent motions are sufficiently random.

. Mean flow is uniform, linear, and invariant, or nearly so.

. Mean flow and turbulent structure maintain a sufficient uniformity during the
period and across the doman within which pollutant transport and dispersion
occurs.

. Resulting horizontal and vertica displacements are correctly characterized.

Placed in a climatological and synoptic meteorology context, these requirements
mean that Gaussan plume modeling is generdly suitable either within a well
mixed “boundary layer” of the lower troposphere- eg., within a well established
surface thermal mixing layer typical of far weather afternoon conditions in the
lowest 1,000 to 1,500 m-or within a shdlow, nominaly uniform, nocturnd,
ground-based, stable layer. The approach, as used in VSMOKE, does not directly
delineate mass exchange rates or turbulent processes between adjacent contrasting
amospheric layers (e.g., between a stable surface layer and an overlying neutra or
unsteable layer). Generaly, uniform air masses with uniform flow are required to
maintain reasonable model performance. This requirement typically matches the
need for predictable and steady fire behavior in prescribed burning operations
(Wade and Lunsford 1989). Areas with fair weather within high pressure systems,
and locations within relatively linear fields of pressure gradient (eg., isobars
forming nearly straight lines or dlowly sweeping arcs on a nationd weather map),
often found around the periphery of high pressure systems, are often well suited for
both safe and predictable prescribed fire' behavior and relatively accurate Gaussian
plume model estimates. Complicating factors such as rough terrain, sea or large
lake breezes, or changing weather patterns can cause model performance to range
from degraded accuracy to compromised performance to a point where the model
simply “does not work.”

Given an appropriate “weather map,” the Gaussian model can be expected to often
work well in flat or rolling terrain in the Pastern United States. In the Western
United States, terrain driven effects often dominate the forces that determine wind
flow patterns. Considerable expertise in interpreting regiona and locd weather
patterns is required for any assurance that a plume model will work acceptably for
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any given location in the Western United States. However, VSMOKE might be
used in selected gtuations, perhaps to establish a basis of comparison in evauating
the performance of more mathematically comprehensive modeling approaches.

The dteady-state, period-by-period analysis technique used in VSMOKE alows
limited model applicability to scenarios that include changing fire and smoke
emissions behavior and changing weather conditions. Each analysis period of
VSMOKE should be regarded as a “snapshot” scenario during which all fire,
emissons, and weather parameters remain constant during the period. Because
most input parameters are alowed to vary from period to period, VSMOKE can
analyze a series of snapshots for severa periods. The modeling approach used in
VSMOKE is not suited for rapidly changing weather regimes unless the analysis
interval is set short enough to effectively "freeze" the weather changes in time and

space.

How the period-by-period capability of VSMOKE can be applied may be
appreciated by considering a rather typical case of a prescribed fire. Fire personnel
ignite a fire in an early afternoon with moderate winds and a dlightly unstable
atmosphere (a norma “fair” weather afternoon condition). After the fire actively
burns for an hour or two, the personnel (unwisely) alow the fire to smolder for
severd more hours. The smoldering could eesily extend into the night hours, when
the winds would drop and a ground-based stable inversion would form. Through
the proper specification of input values, a single VSMOKE run can generate smoke
concentration estimates during the active period of the fire in the afternoon and
during smoldering the following night. The estimates for each of the periods
would be identicd to estimates generated by properly specified separate VSMOKE
simulations for each of the two periods.

Using Turner's ( 1970) approach, VSMOKE concentration estimates are made a
receptor locations adong the centerline of the plume trgectory, and are
goplicable a ground level. The equation for concentration resulting from a single
pollutant source as given by the Gaussan plume model under these redtrictions

may be expressed as.
2
&l
o

C = concentration due to the source in micrograms per cubic
meter,

Q = source drength emission rate in micrograms per second,

Oy = horizontd dispersion coefficient in meters (a ftmction of
amospheric  stahility and downwind distance),

0, = vetical dispersion coefficient in meters (a function of atmospheric stability
and downwind distance),

._ 9
no,0,U P

1
2 B

where
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= trangport windspeed in meters per second (as input), and
= plume height in meters (a function of heat emissions, atmospheric stability,
and downwind distance).

Figure 3 shows an idealized depiction of the geometric structure of the Gaussian
plume model as described by equation (13). In this figure, a horizonta
cross-section with a Gaussian smoke concentration is shown closest to the fire,
while the more distant profile shows a vertical Gaussian profile. Please note that
the horizontal and vertical dispersion coefficients, a and o, need not (indeed,
generdly do not) have the same values a any given downwind distance.

Equation (13) precisely applies in VSMOKE only if (1) a point source is specified
or may be assumed, (2) a single plume height exists, and (3) the vertical dispersion
coefficient is smal compared to the mixing height (i.e, “reflections” of pollutants
from the top of the mixing layer have no appreciable effect on ground-level
concentrations). Equation (13) is modified as necessary to accommodate the
VSMOKE assumption that al pollutants are “trapped” within the surface-based
mixing layer, i.e, dl pollutants remain & and below the mixing height value, Ay
VSMOKE concentrations within the mixing layer are assumed to undergo perfect
and complete “reflections’ both from the ground and from the mixing height. If the
vertical dispersion coefficient, o,, is much larger than the mixing height, Ay, the
resulting vertical distribution of pollutants is essentidly uniform within the mixing
layer. In VSMOKE, the plume is assumed to be verticaly uniformly mixed
whenever @, exceeds two times A,q,. The governing eguation for a point source in
this case may be expressed as.

CROSS PLUMEHORIZONTAL AND VERTICAL DISTRIBUTIONS OF SMOKE
ABOUT THE PLUMECENTERLINE ARE GAUSSIAN, WITHTHE MEANPOINT
BEING THE PLUMECENTERLINE AND SIGMASBEING FUNCTIONSOF
DOWNWINDDISTANCE AND ATMOSPHERICSTABILITY;HORIZONTAL AND
VERTICAL SIGMA VALUES ARE USUAL LDIFFERENT.

Figure 3—Idealized Gaussian Plume Model.

21



c=__2
2% 0y Ay U

For cases in which plume trapping may be important, but a verticaly uniform
plume has not yet been achieved VSMOKE uses the plume trapping assumption to
account for multiple eddy reflections. The governing equation used when a, is no
more than two times A, maybe expressed as:
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where

M = an integer such that each value to be exponentiated in the series is
-25 orless(i.e, al terms << 10°19),

In evauating equation (15), each exponentiation argument is included if it is no
less than the criterion vaue of -25, and the summation process continues until all
arguments are less than the criterion. Under VSMOKE constraints which restrict
H from zero to A,y and the use of equation (15) only if @ is no more than two
times Ayqy, the summation is completed in eight passes at most and is usualy
completed In fewer than four passes. When dl the terms within the summation are
inggnificant, equation (15) is equivdent to equation (13). VSMOKE uses
equation (15) more than many U.S. EPA models, which is a nomina disadvantage
in execution time. Because tests on the design host systems reveded tha the
increased time ingsignificantly affected operations, the more complete use of
equation (15) is executed in VSMOKE.

Figure 4 depicts the effects of multiple reflections from the ground and from the
top of a mixing layer on concentrations within the mixing layer. The initidly
Gaussan verticadl smoke profile closest to the fire is graduadly modified as the
“talls’ of the distribution interact with the upper and lower bounds. These tails are
“folded” or “reflected” back into the mixing layer, and their concentration
contributions are added to the main portion of the Gaussan plume. As the vertical
dispersion coefficient, 0,, increases to about the same vaue of the mixing height,
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Ay, @ number of such reflections takes place. As o becomes substantially larger
than Ay, a verticaly uniform smoke distribution results.

MIXING HEIGHT
s> WIND
ELEVATED
T "m""“f TALOFDISTABUTION FOLDS | WGREASER
gon AND HAS ADOITIVE EFFECT
MOING
HEIGHT
1
NEAR SOURCE INITIAL REFLECTION
MIXING HEIGHT
sz WIND r-

MORE REFLECTIONS MANY REFLECTIONS

Figure 4—Vertical “reflections’ from ground and mixing height “lid" in a Gaussian plume model.

When the ares of the burn is greater than zero, VSMOKE (in most cases) replaces
the applicable point source equation with a finite line source equation to estimate
concentrations.  If the downwind distance from the finite line to the anaysis point
is sufficiently great, the line “looks like a point.” Because the point source
equations (13) to (15) are sufficiently accurate, they are used for a finite line source
if the effective line length of the source in meters, E,pg (defmed as the square root
of the area of the burn in square meters), is no more than 0.012 times the

horizontal  dispersion  coefficient, oy. If Ejng exceeds 0.012 times oy, the source is
treated as a uniform finite line source of emissions, and finite line source modeling
IS used to estimate concentrations. If plume trapping is not important (i.e, if
equation (13) would apply for a point source), the governing equation for a finite
line source may be expressed as.
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where

E pg = effective line length in meters,

P = the quantity, Y/o,, where Y is horizontal crossplume distance from
the plume centerline in meters,

P, = Y /oy, where Y, is one of the finite line end points, and

P, = Y,/oy, where Y, is the other finite line end point.

lu VSMOKE, al concentration estimates are made directly downwind of the
centra point of the source, therefore as used in equation (16):

Y, =05 Epp YthusP——Pand

E
P ranges from - g BE to +0,5—2E
Oy Oy

The definite integra within equation (16) is the inverse norma distribution
functionwith respect to P (or Y/oy). VSMOKE uses a polynomial approximation,
as described by Abromowitx and Stegun (1972), equation (26.2.17), to evaluate
this integral. The raw mathematical polynomia is accurate to within 7.5 * 109, an
accuracy maintained within VSMOKE through the use of DOUBLE PRECISION
computations as required. Additiona information on this aspect of VSMOKE
computations is provided within the computer code.

Finite line source effects ate also considered when vertically uniformly mixed
plume or plume trapping computations are appropriate (i.e, when equations (14)
or (15) would be appropriate for a point source). Because the VSMOKE computer
code breaks all concentration calculations into horizonta and vertica terms,
complete equations of the form of equation (16) never appear in the code, and are
not included in this discussion. The corresponding governing equations for
trapped pollutants from a finite line source would bear the same relationship to
equations (14) and (15) as does equation (16) to equation (13). Figure 5 depicts
the effect of a finite line source on smoke concentretion estimates. Close to the
source, concentrations are horizontally uniform with a rapid drop to background
levels downwind from either edge of the line. As downwind distance increases,
these “near step changes’” begin to take on a “half-Gaussian curve’ shape. As the
horizontal dispersion coefficient, oy, continues to increase with increasing distance,

these half-Gaussian curves begin to affect the uniform centrdl area Ultimately, as
0, becomes much larger than the length of the line source, the horizontal

cross-section of smoke concentration becomes fully Gaussian, as if a point source,
rather than a finite line source, were upwind.
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AT INTERMEDIATE T
DISTANCES LENGTH
ZERO NARROWS ZERO
CROSS PLUME DISTRIBUTION
BECOMES QAUSSIAN
ona /\\ SIGMAY MUCH
ATL LARGER THAN
DISTANGES ST SR LINE LENGTH

Figure 5—Line sources in a Gaussan Plume Model.
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VSMOKE dso caculates ground-level concentrations downwind from a source
Specified to have an initid vertical didtribution of pollutants that is uniform from
the ground to the predicted plume height. These estimates are made by alowing
Gaussian dispersion processes to act upon the initidly vertically uniform
digtribution. Figure 6 illustrates the effect of Gaussian turbulence on an initidly
verticdly —uniform  digtribution. The top portion of the figure shows the effect of
gradual plume rise, with no vertical dispersion (i.e, @, = 0). However, in
VSMOKE, the effect of gradua plume rise is combined with verticd mixing
effects.  The bottom portion of the figure shows more redistic examples, with
SIGMA-Z increasing (left to right) as the plume is transported downwind. At firs,
with SIGMA-Z = 10 m, the uniform vertica distribution is diluted only at the top
of the layer, and ground concentration, C, is relatively high a 1000 pg m® Next,
SIGMA-Z increases to 100 m, causing mixing to take effect over an increasing
depth of the plume, which dilutes ground-level concentration to 680 pg m?.
Findly, SIGMA-Z increases to 300 m, causing the vertica distribution to assume a
“folded” Gaussian character, which dilutes C to 260 pg m?®. The effect illustrated
in figure 6 is Smilar to the horizontal dispersion effect depicted in figure 5, except
only one “side” of the plume is alowed to dispersethe other is bounded by the
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# Appendix D of Lavdas 1986.

ground. Not shown in figure 6, but accounted for in the VSMOKE modd, is the
effect of the upper mixing height boundary (shown for a smpler case in fig. 4).

To accomplish the computations required for an initidly verticaly uniform source,
VSMOKE generdly follows the method outlined in Lavdas (1986).> This method
reexpresses the concentration equation in terms of relative concentration, CU/Q,
then integrates with respect to Z/a,, i.e, height divided by vertical dispersion
coefficient.  The limits of integration are defined by Z=0 to Z=H, where H is the
plume height applicable a the given downwind distance (i.e, the entire dispersion
process that defmes o, is applied for the complete transport distance, whether or
not gradual plume rise is assumed). When equation (13) is reexpressed in terms of
relative concentration and Z is used in place of H within the exponentia factor, the
following equation results:

R
cw_ NT_,p an

Q (o H Z

where
P, is the inverse Gaussian digtribution function in terms of Z/o,.

The equation for P, is expressed as.

d(z) as)

where

0 and H/o, are the limits of integration, and the integration is with respect to the
ratio, Z/o, (i.e, the ratio of height to verticad dispersion coeffkient).

Because equation (18) is the inverse Gaussian digtribution in terms of the ratio,
Zloy, it is completely analogous to that found with respect to P (or Y/oy) within the
finite line source relationship-equation (16).

For verticaly well-mixed concentration estimates, equation (14) is reexpressed in

terms of relative concentration, CU/Q; then, using an equivalent height, Hg, in
place of Ay, the following expression is obtained:

., |1 1 (19)
Q 2% o, Hy

27



where

Hy= an equivdlent height or depth of a ground-based smoke layer in meters, with
respect to ground-level concentrations, assuming verticaly uniformly
digributed  pollutants.

Equation (18) and expression (19) are combined to calculate the effective depth of
pollutants after subsequent Gaussian dispersion processes have affected the
verticd digribution of an initidly vertically uniform source. This yields:

_H
Hy = 3 P, (20)

where

H = the plume height as defined in equation ( 13), but now interpreted as
the top of the initidly vertically uniform plume layer, and P, is
obtained from equation (18).

Like the uniform finite line source equation, equation (26.2.17) of Abramowitz and
Stegun (1972) is used to evduate P,. Equation (20) is used to obtain Hg, then
expression (19) may be solved for concentration, yielding:

c=— 2

V3% oy Hy U @D

In al cases where concentration from a single pollution source, C, is caculated, the
background concentration, Cggg, iS added before concentration is output to the
user. For paticulate matter, the caculation is straightforward: Cgyg iS added to C,
yidding the total concentration, C, for each receptor, or:

Cror = Caxg+ @2

Where
C,, Cexa» and C are given in micrograms per cubic meter for particulate matter.

In the case of carbon monoxide, background and total concentrations are expressed
in parts per million on a mass bass. VSMOKE first determines the density (mass
per unit volume) of the moist aimosphere, multiplies this value by the parts per
million input for carbon monoxide to obtain a Cgeq densty, then uses eguation
(22), using the calculated density of C for carbon monoxide resulting from the fire.
Cror IS then reexpressed as parts per million of totd carbon monoxide within the
atmospheric - mixture.
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VSMOKE Horizonta
and Verticd Disperson
Coefficients

To caculate the horizontal and vertical dispersion coefficients, o, and o,

VSMOKE uses the wel-known Pasquill-Gifford-Turner  (P-G-T) system

This system is most applicable for a ground source over open country in

rurd areas with smooth or gently rolling terrain. Both dispersion coefficients are
specified as functions of downwind distance and amospheric stability class.
Graphs of 0y and 0 appear in many references, e.g., Pasquill (1974), Turner
(1970), and Hanna and others (1982). In VSMOKB, downwind distance includes
the sourceto-receptor distance and may aso include virtual distances to account
for “initid” Gaussian dispersion & the source site. Stability class in VSMOKB
generdly follows the objective scheme described by Turner (1964) and Lavdas
(1986). Like many of the more recent U.S. EPA models, VSMOKB extends the
Turner system to distinguish between day and night for the near neutra dtability
class. In VSMOKB, “near neutral - day” dtability reflects an adiabaticaly neutral
lapse rate and “near neutral « night” reflects somewhat subadiabatic conditions, i.e,
an approximately isotherma lapse rate.

Formulas for calculating dispersion coefficients appear in many published
Gaussan plume models. For example, in the U.S. EPA mode, CDM 2.0, (Irwin
and others 1985), using the “PGSIG” option invokes the P-G-T sysem. The CDM
20, PGSIG formulas are followed in VSMOKB with one exception: the vertical
dispersion coefficient for the near neutrd stability class during daylight uses
formulas provided by Turner.’® The unpublished Turner formulas yield results
that, at very short distances, are more consistent with those calculated for the other
stability classes. While the differences are inconsequentid in any individua
VSMOKE concentration estimate, prescribed fire smoke management procedures
often use a meteorological case sensitive structure. This structure mandates
internal consistency among estimates in the design of VSMOKB. The effects of
this consistency become apparent when virtua distance calculations are made and
model runs with differing Stahility classes are compared-an inappropriste o,
vaue a short range could lead a land manager to modify a meteorological criterion
for burning in the “wrong” direction. The Turner-based VSMOKB values for g, in,
“near neutral - day” conditions are dightly less than the CDM 2.0 PGSIG option
vaues for the range of downwind distances displayed in VSMOKB output, i.e.,
from 0.100 to 100.0 kilometers (km). This difference causes VSMOKB
concentration estimates for the “near neutral day” stability class to dightly exceed
those based on CDM 2.0 PGSIG coefficients. The greatest relative difference
between the two is about 11.6 percent a 0.100 km. This difference lies well within
the factor of 2 range of uncertainty intrinsicaly associated with Gaussian plume
model dispersion coefficients (Turner 1970).

The equation used to caculate horizontal dispersion coefficient, Oy, in VSMOKB
follows:

g, = 465.116 X, ten (A + BIn Xy (23

10 personal - communication. 1975.D.B.Turner,U.SEnvironmental Protection Agency, ResearchTrianglePark,NC.

29




1Page 30 of Hanna and others 1982.

where

Xyyry = downwind distance, including virtual distance due to initid horizonta
dispersion, in  kilometers,
465116 = 1000 (meters to kilometers) divided by 2.15; is approximately the 0.1
amplitude point of the Gaussan distribution function, and
A and B = congtants set according to stability class (table 1).

The tangent argument in brackets in equation (23) may be thought of as a nomina
horizontd “spread angle’ for the plume. This spread angle is that angle to the
downwind centerline trgjectory for which the concentration from a point source
maintains a value 0.1 times that a the centerline. Table 2 shows that the effect of
A and B within equation (23) a various downwind distances affords approximate
adherence to the spread angles.

The vertical dispersion coefficient, 0, in VSMOKE is cdculated by using the
following power function:

0; = C Xopa” @4

where
C and D = dahility class and distance dependent congtants (table 3).

Other techniques for determining dispersion coefficients are widely used. Some
smply use different congtants and formulas to obtain stability and distance
dependent coefficients (Hanna and others 1982'"). Others may assume different
dependencies such as substituting travel time for downwind distance. One
theoretically appeding method (Irwin 1983) relies on wind variahility Satistics to
help defme the coefficients, eiminating some of the empiricism inherent when
using stability classes. Unfortunately, obtaining wind fluctuation data for routine,
operational, prescribed fire applications seems unlikely in the near future.

The flexible structure of the VSMOKE program readily accommodates revisions
using certain types of dternatives to the P-G-T system. Alternatives include the
theoretically appeding use of wind fluctuations in a manner similar to Irwin's
(1983). Smoke and visibility estimates are very sensitive to the estimated vaues
of both dispersion coefficients, oy and o;. Careful atention must be given to the
effects of any dispersion coefficient determination scheme on the “bottom ling’
ground-level concentration estimates before any revisions to VSMOKE are made
in an operational enviromnent.




Initid Disperson
Coefficients and Virtua
Digancesin VSMOKE

Stability Class
Determination in VSMOKE

In VSMOKE, specification of “initid“ horizontal and verticd Gaussian dispersion
coefficients accounts for any dispersing effects a the source other than those
directly associated with source size and plume rise. Input by the user on a period-
by-period bass, the effect of these coefficients on concentration estimates is
caculated by using the “virtual source’ modeling concept often used in U.S. EPA
models (eg., Wackter and Foster 1986). Virtud source modeling caculates the
appropriate value of a dispersion coefficient, oy or o, “as if' the source were
located further upwind than its physicd location. The extra downwind distance
equals that needed for a point source to generate a dispersion coefficient value
equal to the specified “initid” vaue. Figure 7 illustrates the virtua distance
concept. Except for the 500-m trandation, the concentration distributions in the
top and bottom portions of the figure are identicd. The 500 m is the downwind
distance required in this illugtration to atain a desired horizontal dispersion
coefficient value of 30 m. That 500-m distance is added to al downwind receptors
only to compute the horizonta dispersion coefficient, oy

VSMOKE virtual distances are caculated by inverting the relationships used to
caculate the dispersion coefficients. The verticd dispersion coefficients are
determined by simple power laws (see equation (24)); inverting them is
andyticaly graghtforward. The horizontd dispersion coefficients are calculated
by a combination of trigonometric and logarithmic functions (see equation (23))
not readily inverted. To approximate the inverse of these functions, VSMOKE
congtructs an array of caculated horizontal dispersion coefficients for each
stability class and a wide range of downwind distances. When a virtua distance is
required for a specific coefficient and stability class, array references to and
geometric interpolation between the two closest values are performed. This
technique yields more consistent results than the approximation formulas used in
most U.S. EPA Gaussian plume models, eg. Petersen and Lavdas (1986). The
improved computationa accuracy can be important in some VSMOKE
applications. For example, several program runs may be made to compare fires of
differing size in an attempt to meet prescribed fire management criteria by reducing
the size of a planned burn.

Stability class determination in VSMOKE follows the objective scheme

of Tumer (1964) and Lavdas (1986), based on the categorical system developed by
Pasquill (1961). This system essentidly consists of seven dtahility categories with
descriptors (table 2). Like Pasquill (1974), Lavdas (1986), and many US. EPA
models (eg. Irwin and others 1985), VSMOKE distinguishes between “day” and
“night” under the near neutra stability class. VSMOKE has the capability to either
accept input values for stahility class and a day/night flag or caculate stability
class and day vs. night from input location, date, time, and surface wegther
parameters. Turner's (1964) calculation procedure is followed with one additiona
step.  Ephemeris determination of day or night is based on time of sunrise and
sunset according to procedures in the U.S. EPA meteorological pre-processor
program, RAMMET, &s given by Catalano (1987). These sunrise and sunset times
differ dightly from those published in amanacs, patly because RAMMET uses a
single standard year in some of its ephemeris equations and partly because amanac
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WIND DIRECTION

STEP 1. DETERMINE VIRTUAL DISTANCE
(May vary for sigma-y
and sigma-z)

ACTUAL POINT

INITIAL SIGMA-Y
OF 30 METERS IS
WANTED

500 METERS SIGMA-Y=30 METERS AT DOWNWIND
DISTANCE-500 METERS

STEP 2. CONCENTRATION CALCULATIONS

VIRTUAL POINT
FOR SIGMA-Y

&
]

500 METERS SIGMA-Y CONTINUES TO
ACTUAL POINT INCREASE
SIGMA-Y IS ALREADY (As if source were 500 meters
30 METERS AT SOURCE further upwind)

Figure 7—Virtual distance concept (pint source illugtrated).
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VSMOKE Smoke
Receptors

caculations account for refraction and the radius of the solar disk. RAMMET
assumes no refraction and neglects the solar disk radius. With  implementation
details dependent on the specified intervd between anaysis periods, VSMOKE,
ds follows the RAMMET criterion that restricts changes in stahility class to no
more than one category per hour.

Users with meteorological backgrounds may choose to use Nationa Weather
Service upper ar and surface observations to help specify stability class. These
users should note the findings of Lavdas (198 1) for the ealy morning (1200 UTC)
soundings a Medford, OR. The extremely stable and moderately stable classes
averaged a lapse rate of about 0.035 kelvin (K) per m near the ground; the dightly
stable class averaged about 0.020 K per m. Both these values equal those
specified by U.S. EPA (eg., Catalano 1987) in plume rise caculations. The near
neutral class a night averaged about 0.010 K per m, which is close to isothermal.
Because the Lavdas findings and the U.S. EPA stable class lapse rate values agree,
the practice of basing stability class a night on observed lapse rate is credible.
Moreover, the day vs. night “adiabatic’ and “subadiabatic” digtinction made in
VSMOKE within the near neutra stability class reflects the distinction made by
Pasquill(1974). Therefore, an isotherma layer at the surface layer of the
amosphere would tend to dictate the near neutral night class, while an adiabatic
lower atmosphere would tend to dictate the near neutrd day class regardless of
time of day.

Attempts to digtinguish among the various daylight stability classes by using near
surface lapse rate have not been notably successful. Atmospheric turbulence in
near neutra or unstable conditions tends to efficiently force the vertica
temperature gradient to a value very close to a neutral lapse rate. How unstable a
lapse rate the atmosphere can sustain seems to be tied more closely to surface
hegting and frictiona characteristics than to the intensty of turbulence. This
circumgtance limits using the degree of ingtability of the vertical potentia
temperature profile to specify Gaussian dispersion coefficients.

VSMOKE concentration estimates are made aong the centerline of the plume
trgjectory from the fire a ground level. In amospheric modeling terminology,
VSMOKE wuses a Lagrangian (i.e, arborne paticle following) modeling approach.
Concentration estimates are made a logarithmically spaced distances ranging from
0.100 to 100.000 km (or about 1/16 to just over 60 miles). Logarithmic  spacing
causes the receptors to be closest to each other near the fire, where variations in
smoke effects are greatest. An interval of a factor of about 1.2589 (10°) is used.
For sources with no plume rise, this spacing keeps the decrease in concentrations
from a fire between adjacent receptors to just under a factor of 2. More rapid
increases of concentration are possible with increasing distance when a smoke
plume from a fire with nearly complete plume rise first intercepts the ground. The
receptor spacing is dense enough to alow sufficiently accurate geometric
interpolation of concentration estimates to intermediate distances. All  smoke
concentration estimates given by VSMOKE include specified constant background
values for each period; thus, relative changes in the output concentration velues are
generally léss than those cited for concentrations solely from the source.
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The VSMOKE plume centerline approach uses receptors located along the plume
trgectory. By using the uniform flow assumption from Gaussian plume models
(Hanna and others 1982) and digning &l receptors directly on the plume
centerline, VSMOKE removes al mathematicd reference to wind diction from
the concentration eguations. By removing wind direction dependency from its
caculations, VSMOKE in effect employs concentric rings about the smoke source
as receptors. Therefore, no explicit plume pathway exists in VSMOKE. Instead,
the model provides concentration estimates aong the trgjectory without atempting
to spatialy locate that trgjectory, except by downwind distance from the emissions
source. In this sense, VSMOKE may be regarded as a onedimensiond model.

The VSMOKE methodology that locates al receptors aong the downwind
centerline plume transport trgectory (SFFLP 1976) represents a significant point
of departure from many U.S. EPA dispersion models. The receptor methodology
more closdly resembles the older U.S. EPA PTDIS model than any of the
recommended air quaity models in the “Guiddine to Air Quality Models’ (U.S.
EPA 1986, 1987). However, the PLWUE Il model (Seigneur and others 1984)
lised in the EPA Guideline is a specidized model that uses downwind distance to
define receptor locations.

Models that rely on fixed point receptors are subject to large errors in smoke
concentration estimaies caused by errors in wind flow specification. These errors
are associated with small displacements of relatively narrow smoke plumes, and
are more likely to occur in the stable conditions characteristic of nocturnal light and
variable/drainage wind regimes. These conditions are associated with high smoke
and vighility hazard. In these cases, the model plume is narrow and the

uncertainty in the wind fiedd is high. By using a “plume following” technique that
assures the targeting of every receptor by the smoke plume, VSMOKE avoids
much of the error that “fixed point receptor” models are prone to.

VSMOKE is oriented toward short-term hazard avoidance near or in any direction
downwind of a fire-generdly an episodic event. Many U.S. EPA models using
fixed receptors estimate average impact a a point or over a geographic area during
a period of time when a variety of weather regimes may occur (Irwin and others
1985).

Figure 8 illustrates the differences between the VSMOKE plume centerline and
EPA fixed point receptor modeling approaches. This figure shows the effect of a
smoke source upon a hypotheticaly “clean” background. To compute the
concentration values in the figure, a 1,000 gram per second smoke emission rate
with no accompanying heat emission rate, a dightly unstable atmospheric
environment, a 4 ms™ transport windspeed, and a 1,500-m mixing height are
assumed. Initid horizontd and vertical dispersion coefficients of 5 m each are
dso assumed. The figure shows the 1,000 pg m? concentration isopleth resulting
from a wind direction of 200°. The resulting locations of the firs 17 (totd 3 1)
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VSMOKE receptors is shown aong the plume centerline. “Receptor 17, a a
downwind distance of 3,981 m (just under 2.5 miles), is nealy touching the
isopleth, as would be expected from its tabular concentration value of 999 pg m?.
The VSMOKE receptors “capture” the extremely high smoke concentrations close
to the smoke source, with the highest tabular concentration exceeding 405,000

pg m?,

Figure 8 aso illustrates smoke concentration values as they would be determined
from a cartesian grid of receptors with a spacing of 500 m, a north-south, east-west
orientation, and the zero point of the grid assigned to the centrd smoke source
location. Where the grid points fall well outside the 1,000 pg m? isopleth
boundary, concentration values are shown near the applicable grid point location.
Note that the grid of receptors is insufficiently dense to capture the very high
concentrations characteristic of the values given for the firs 10 to 12 VSMOKE
receptors.

The firgt labeled grid point, A, is 500 m north of the source and very close (within
20 m) to the 1,000 pg m? isopleth, yet its concentration value is only 360, or less
than 1 percent of the centerline value for its downwind distance from the source.
The plume almost completely misses point A's “sister receptor” 500 m to its east.
On the other hand, point B (1,000 m north and 500 m east of the source) scores a
“near hit"; its concentration value of 5,282 pg m? is almost one-half the vaue for a
receptor directly on the centerline a its downwind distance. However, point B's
“ggter receptors’ 500 m to the west and to the east give little or no hint of the
magnitude of the plume's impact 1 km north of the source. A “lucky hit" is scored
a point C, which is only about 43 m from the plume' centerline while nearly 1,600
m disant. The distance from the centerline of point C is only about 0.27 times the
velue of oy for its downwind distance, which means that it captures about 0.964 of
the centerline concentration a its downwind distance. Point C's concentration
value of 4,985 pg m? is close to the value for the nearby VSMOKE receptor 13
value of 5145 ug m3. However, if the plume isopleth undergoes a small rotation
in either direction, detection of the maximum impact of the plume 1,500 m north of
the source is primarily a matter of luck. This assertion is supported by the much
lower concentration values 500 m to the east and west of point C.

Plume detection becomes more religble as distances from the source increase.
Adjacent points D and E bothscore near hits, and given the low concentration
vaues to the east and west of these points, some indication of the shape and
magnitude of the plume at this distance begins to emerge. At increasing distances,
points F and G score nearly direct hits and are surrounded by significantly high
gridded concentration values. Along the two northernmost rows of gridded
receptors (3500 m and 4,000 m north of the source) the Gaussian shape of the
plume becomes quite obvious. At this distance, the VSMOKE receptor spacing
has increased so that its adjacent receptors are farther apart than the gridded
receptors. Centerline concentration values a such downwind distances from the
source change dowly enough to alow continuous increases in VSMOKE receptor

spacing.
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Expected Accuracy of
VSMOKE Concentration
Edimates

To produce reasonably accurate averaged concentration estimates, models with
geometrically fixed receptors are dependent on a very accurate averaged
representation of plume widths, orientations, and locations over the period of
gmulaion. Narow plume models cannot be expected to produce reliable short-
term concentration estimates at fixed locations in an episodicaly oriented
operational environment. For example, in moderately stable conditions, a
VSMOKE-like model with fixed receptor locations must specify the effective
plume transport direction within 5° or less (table 2) in order to maintan factor-of-
10 accuracy! Fox (1981) aso points out that erors of representativeness and
variahility associated with applying a single wind direction for the effective area
between source and receptor tend to be large compared to the characteristic angular
dimensions of the pollutant plume. This leads to large errors in estimates of short-
term single source impacts at fixed locations.

In “red-world terms” the relatively large uncertainty in the direction of plume
trangport compared to its width means that a fixed-point receptor model is apt to
depict a plume trgjectory showing a given receptor to be free of smoke, when a
small change in wind direction could have a heavy impact on that same receptor.
The VSMOKE approach eiminates much of the senstivity of Gaussian plume
models to smal errors in the specified horizontal direction of pollutant transport.
Such errors can have a crucid effect on the analysis of an episodic and potentialy
hazardous event such as smoke intruson from a ground fire over a sensitive
location.

The accuracy of VSMOKE concentration estimates is inherently limited by the
scope of the dispersion model. Uniform steady-state fire, smoke and heat
emissions, and meteorological conditions are assumed over the portions of the
amosphere containing smoke during the course of any single anaysis period.
Vaiations in dispersion rate and wind flow minor enough to retain a generaly
intact and uniform smoke plume are accommodaied by this modeling approach,
with minima eror introduced in the smoke concentration estimates for points
centrally located within the plume. However, dgnificant variations in important
meteorologica parameters, particularly in the wind field, will serioudy degrade
model performance. Major complexities in wind flow, such as a wind field that
causes the smoke plume to double back on itsdf, are completely beyond the
model’s scope.

The accuracy of VSMOKE smoke concentration estimates is affected by the
accuracy of the emissions data supplied to the VSMOKE dispersion modgl. Any
eror in a pollutant emission rate will result in a 1. 1 proportionate error in the
resulting smoke concentration estimate (equations 13 to 21). Concentration
estimates near a fire are dso extremely senstive to plume rise assumptions both
within the model and as input. Smoke concentrations a the ground increase
rapidly as an elevated plume first intercepts ground-level receptors. Therefore, a
relatively small decrease in plume rise can result in a large increase in the estimated
concentration at a given downwind distance. This sensitivity is most marked if the
user input indicates that al or nearly al smoke attains full plume height. Smilarly,
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if the proportion of smoke subject to plume rise is incorrectly specified, large
errors in smoke concentration estimates can result, particularly near the source.
For example, if input indicates that 99 percent of smoke undergoes significant
plume rise, but only 80 percent actually does so, the resulting smoke concentration
estimates close to a fire can be too low by a factor of 20.

VSMOKE! concentration estimates are aso highly dependent on the various
meteorologica input values supplied to the disperson model. For example, if
plume rise does not change, concentration estimaies are inversely proportiona to
the transport windspeed; halving the windspeed doubles the concentration
edtimates. However, transport windspeed aso influences estimated plume height;
in ungtable or near neutrd-day conditions, doubling the transport windspeed halves
the plume rise. In stable conditions (or near neutral a night, when an isothermal
atmosphere is assumed by VSMOKE), an eightfold increase in transport
windspeed is generally required to have the plume rise. Any change in the input or
caculated stahility class value can aso result in a large change in smoke
concentration  estimates.

In part, this sengtivity is a consequence of the categorical nature of atmospheric
stability as used in VSMOKE. In the categorica system, a small change in an
input value that specifies or influences stability class can cause a rather large step
change in edtimated concentrations. For a fire with no sgnificant plume rise, a
more stable class results in higher ground-level centerline concentration estimates.
For a fire with al or nearly al smoke ataining a significant plume rise, a more
stable class may sharply reduce VSMOKE concentration estimates for nearby
receptors-the  higher  concentrations  remain above the ground. Mixing height
usuadly exerts less influence on ground-level concentration estimates close to the
fire than the other mgor meteorological parameters. However, once the plume is
well mixed within the mixing layer, which occurs at longer distances and in more
unstable conditions, halving mixing height can double concentration estimates.

Internal calculations within the Gaussian plume disperson model are affected by
the VSMOKE assumption that uniform “steady-state” conditions prevail during
any given period. When dl the variables affecting smoke concentrations
downwind have been determined, they are fixed in time and space for the full

period and over the full geometric domain from smoke generation to any downwind
point. Although VSMOKE can generate smoke concentration estimates for severd
sequential periods, the disperson model calculations for each period are considered

independently.

The empiricd modeling techniques used in VSMOKE to specify dispersion
coefficients are far from exact but, according to Turner (1970), can give acceptable
concentration  estimates. Given a perfect specification of plume rise (which is
easest to obtan when little or no plume rise occurs during smoldering conditions),
the accuracy of the pollutant concentration estimates due to the source is

completely dependent on the accuracy of the dispersion coefficients and the
vaidity of the Gaussan plume assumption. The expected accuracy of the
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Gaussan plume disperson model is greatest closest to the pollution source. At the
closest distances, estimates of the vertica dispersion coefficient may lie within a
“factor of 2" and the combined effect of erors in the vertical and horizontal
coefficients may result in estimates remaining within a “factor of 3" of actud
vaues. Therefore, concentration estimates within 1 km (about 5/8 mile) of a
perfectly specified smoldering burn site may fal within a factor of 3 of actua
values. The expected accuracy of the disperson model becomes much worse with
increasing distance, especially beyond 10 km (about 6 miles) from the source.
Pasquill(1974) characterizes the accuracy of the dispersion coefficients at such
distances as “speculative” VSMOKE edtimates at long distances might best be
regarded as little more than hypotheses agreed to by experts in the absence of
better  information,

The VSMOKE Lagrangian receptor location approach, in a sense, gives the model
a measure of accuracy not possible in an equivalent Eulerian (‘fixed grid”) receptor
model. An Eulerian model estimates that a smoke concentration, Cg, will occur a
a specific receptor point, (x,y), while VSMOICE only warns that a smoke
concentration, C,, will occur a a downwind distance, X, from the fire. The
location of occurrence of C, is not specified except by downwind distance from the
fire, in VSMOKE that distance could be in any direction from the fire.

Because VSMOKE does not locate the smoke trgjectory, it must be independently
determined. Not only the width of the plume, but uncertanties in smoke transport
directions should be considered when determining areas of possible smoke impact.
The user must adlow for the variability and uncertainty aways associated with the
wind field, and the risk associated with an imperfect weather forecast. Variations
in wind are nearly always present both in space and time. Winds aloft may
trangport smoke in directions not anticipated based on surface winds aone. Those
experienced in prescribed fire know how much wind can vary within a burn ste as
well as during the course of a burn. For smoke, wind variaions literdly above and
beyond the burn Ste are adso crucid to prescribed burning decisions.

When using VSMOKE smoke concentration estimates it is best to assume that the
estimated concentrations will occur over a rather wide arc to ether side of the
nomind  downwind direction. SFFLP (1976) recommends using a 30° angle to
dther side of an observed representative downwind direction. At least 45° to either
side is required when a forecast downwind direction is used. National Weather
Service public forecasts of wind do not specify direction more precisely than by 8
compass points. When no consistent wind direction exists (eg., near cam, light
and variable, or stronger but highly variable winds), concentric circles about the
fire gte may be the only reasonable basis for setting geometrically based criteria
for smoke management decisons. A preliminay study of wind direction
persistence and forecast accuracy (Lavdas 1993) indicates that the possible effect
of smoke in al directions should be considered, regardiess of the meteorological
regime.
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CrossplumeSightline
Characteristics

The VSMOKE! Crossplume
Sghtline Characterigtics
Model

VSMOKE can edtimate plume vishility and contrast ratio aong crossplume
sightlines a ground level centered aong the downwind plume trajectory. The
two parameters, vishility and contrast ratio, are closdy related. Vighility
defines how far one can see a “target” with a given clarity. Contrast ratio

defines the clarity with which one sees a target a a given distance. Because the
amosphere acts to scatter and absorb light (a propensity greatly increased by
impurities such as smoke), clarity decreases as distance increases. In other words,
as distance increases dong a sightline, contrast ratio decreases. The vishility
dong a sightline is the length a which the contrast ratio fals to a critical value.

The dghtline estimates of vishility and contrast ratio are based on relationships
that are vaid only in dry conditions, i.e, when relative humidity is less than 70
percent. Like smoke concentration estimates, the sightline estimaies are given as a
function of downwind distance. Although it uses less computer code than the
dispersion model, the sightline analysis is the most computationadly intensive and
time-consuming  VSMOKE component during program execution. For this reason,
dghtline estimates are optiond.

Sightline estimates are calculated from the specified background particulate matter
concentration value and from various smoke plume characteristics at each
downwind distance. The sightlines are constructed in short piecewise segments
(dong which plume characteristics are assumed to be constant) a ground level
outward from and horizontally perpendicular to the plume centerline. Sightlines
sart with a centrad segment for which the centerline particulate matter
concentration estimate is assumed to apply. Segment pairs are then added as
required to each end of the sightline, extending until the contrast ratio drops to the

specified criterion threshold value and the sightline reaches a length matching the
Specified  vighility  criterion.

The following equation for contrast ratio, adapted from Middieton's (1968)
equation (4.25), is used in dl VSMOKE! crossplume sightline calculations:

CR, = CR, exp (-Beyr Xgoup 25)

where

CR,

Apparent contrast ratio (i.e, as seen dong the sightline) of an object versus

its background  (unitless),

Intrinsic contrast ratio (i.e, without any light attenuation) of an object

versus its background (unitless),

Bgyr = Light extinction coefficient of the atmosphere including the effects of any
pollutants in units of inverse meters, and

Xgaur = Sightline length in meters.

CR,

Light extinction characteristics are expressed through the equation (25) variable,
B axr- Bgxr IS determined by a relationship given by Tangren (1982) and later
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modified by Tangren in 1985. In VSMOKE, the Tangren equation for Bgyg
applies to both smoke and background particulate matter. It is further assumed
that this equation accounts for al atenuation of light (eg. effects due to nitric
oxides, NO, are neglected). The relationship as used in VSMOKE may be
expressed as follows:

Bgyr = 0.000015 + X, /300,000 (26)

where
Xp = paticulate matter concentration in micrograms per cubic meter.

Equation (25) is valid if the light extinction coefficient, Bgyy, from equation (26) is
regarded as congtant for the full length of the sightline. Sightline segments aong
which the concentrations vary only minimally are used in VSMOKE. The
congtruction of the sightline begins outward from the centerline for a crossplume
distance for which the concentration is approximately equal to the centerline vaue
dready caculated by the VSMOKE model. For a point source or a relatively short
line source, this central segment is set to a length 0.2 times the horizontal
dispersion coefficient, oy, The varigtion of concentration aong this line segment is
less than 0.005 times the centerline value. For line sources much longer than g,
plume concentrations can be nearly constant for distances much longer than 0.2
times ay. If the effective source line length E; g, is more than 10.3 times oy, a
centrd sightline segment of length [(E;pg /0y) + 10. 1] times oy is used. To
continue the computations of light atenuation in the plume to either horizonta
crosswind side of the central plume segment, segments of length 0.1 times oy are
added as needed. The “off-centerling’ concentration a the midpoint of each line
segment is used in equation (26) to calculate the appropriste velue of Bgy, for
equation (25). In the Gaussian plume model (figs. 4,6, and 8), concentration
vaues continuously decrease with increasing distance from the plume centerline. If
light attenuation calculations are required once the off-centerline crossplume
distance has reached the absolute value of 5.0 times oy plus one haf of Eppg, N0
additiond “in plume’ caculations are made. At these large crossplume distances,
the effect of the smoke plume is considered negligible and the background
concentration value is used in equation (26).

The following methodology applies to these sightline calculations. Xy, in eguation
(26) for the centra sightline segment is the sum of the centerline particulate matter
concentration resulting from the fire and the input background vaue. Bgyr for the
central segment and an assumed CR, of 1 (i.e, perfect white against perfect black)
are used in equation (25) to obtain CR, for the central segment. If CR, is higher
than the user criterion, then visibility is longer than the central segment, and more
contrast ratio calculations are required to obtain a vishility esimate. If the
segment is shorter than the visibility criterion, more contrast ratio caculaions are
required. In either case, as calculations continue, the central segment CR, becomes
the new CR, for the next CR, calculation. In addition to the effects of the centra
segment, this CR, includes the effects of the two sightline segments adjacent to

41



both ends of the centerline segment. A new value of Xy, a the representative
crossplume distance for the two new sightline segments is used to determine Bgyy
for the new segments only. New segments are added to both ends of the sightline
until the input criteria for both contrast ratio and vishility are attained. For each
new segment pair, the CR, of the last complete sightline calculated becomes the
CR; with respect to the new segment pair. When the sightline segments reach the
criterion crossplume  distance, plume calculations are terminated. If the sightline
must be extended further, the background concentration as Xg, in equation (26)
and the resulting value of Bgyr (equation 25) are used. The find vishility estimate
corresponds to the total sightliue length for which the user-specified contrast ratio
criterion can just be maintained. The fma contrast ratio estimate applies to a
completely congtructed sightline with a total length equal to the user-specified
vighility criterion.

Vighility caculations during sightline congtruction are performed from a modified
equation  (25):

V = In (CR/CR)/Bgyr @n

where
V' = vighility in meters.

Figure 9 illustrates the congruction of sightlines for an ided case. Within 300 m
of the source and near the smoke plume centerline, visihility is near zero and does
not register on the graph. At 450 m, a short sightline is shown in the “east-west”
horizontal  crossplume direction.  Vighility conditions improve and the sightline
extends outward to greater distances as downwind distance increases. At 1,050 m
north of the plume, the plume “boundaries’ are almost reached. At 1,200 m,
“gghtline breakthrough” is achieved and an individual to one side of the plume can
just see completely through the plume and distinguish objects at the far side of the
plume. As the effect of the plume on vishility continues to decrease with
increasing downwind distance, one may see objects a the far side of the plume
with increasing clarity, and the ultimate crossplume visibility continues to increase.

VSMOKE crossplume vishility estimates sometimes exhibit an abrupt increase
with respect to downwind distance near the sightline “breakthrough” zone (fig. 9).
This sudden increase occurs when a sightline is constructed through a dense smoke
plume of limited crossplume extent within a much clearer background atmosphere.
At a given downwind distance, the contrast ratio may be reduced to just below the
criterion value within the smoke plume-which yields a low vishility estimate. At
the next greater downwind distance, the sightliue “just bresks through” into the
clear amosphere. According to the input contrast ratio criterion, the vishility is
much greater, but the visual quality of objects within the clear atmosphere seen
through the plume will barely meet the contrast ratio criterion. The change in the
contrast ratio estimates in this “sightline breakthrough zone” is usudly far less
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dragtic. In these cases, the contrast ratio estimates may give a clearer picture of the
plume's overdl visud characteristics and its potentid to contribute to a roadway
hazard.

Figure 10 illustrates the behavior of VSMOKE estimates near the “sightline
breakthrough ~ zone.” A plume 400 m (% mile) wide at 1,050 m downwind is set
against a very clear background. The sdghtline using a 0.02 contrast ratio criterion
IS just short of bresk&rough. The computed vishility is about 14 mile, and the
contrast ratio for a % mile sightline is perhaps 0.19. At a somewhat greater
downwind distance (1,350 m), sightline breakthrough is achieved. Perhaps the
contrast ratio for a 14 mile crossplume sightline central to the plume is dtill only
0.25. However, because the background visbility is so good the contrast ratio
does not drop to 0.20 until a sghtline 10 miles long is congructed. The lo-mile
vishility estimate seems to indicate good seeing conditions, but the margindly
acceptable contrast ratio estimate of 0.25 is a much better indicator of the potentia
for vighility hazard. In this case, a person with dightly impared vison tha il
meets driver's licensing requirements might not be able to see %4 mile across the
centrd portion of the plume.
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Figure 10—Sightline breakthrough zone behavior with very clear background in VSMOKE.
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Sghtline  Modding
Concerns

The modeling of sightline characterigtics is subject to more problematic
assumptions, uncertainties, and potential difficulties in application than any other
aspect of VSMOKE. However, sghtline-related estimates are included in
VSMOKE, because avallable scientific knowledge must be used to characterize a
smoke-related phenomenon that is potentially hazardous to the genera public.

Nevertheless, concerns associated with the use of VSMOKE sightline estimates do
exist.

The greatest potentid for smoke-related visibility hazard exists when relaive
humidity is high. Unfortunately, methodology has not been developed for making
reliable predictive quantitative estimates of vishility in smoke under conditions of
high relative humidity. Accordingly, sightline characteristics are not quantified
when relative humidity equals or exceeds 70 percent. Sightline estimates in
VSMOKE are valid only for lower humidities. These values are accompanied by
asterisks when the specified relative humidity is > 70 percent. Because sightline
characteristics are likely to be much worse than a VSMOKE estimate when relative
humidity is too high, extreme caution is absolutely necessary when interpreting any
sightline value accompanied by an asterisk. A d&ecription of a risk index that
characterizes roadway hazard caused by low visbility in high as well as in lower

humidities is described in J ,ow_Visibility QOccurrence Risk Index.

More research is needed on the appropriate input criteria for critical contrast ratio
and visihility criterion for public roadway safety. A contrast ratio of 0.02
(Middleton 1968) has often been used to define runway visuad range, because this
vaue has been found necessary for an aircraft pilot to make a positive

identification of a target. A somewhat higher value may be needed for roadway
safety because legaly operating motorists do not necessarily have the visua acuity
required of aircraft pilots, Factors associated with driver and vehicle response,
such as reaction time and stopping distance, should be considered when choosing a
criticd vaue for vighility. These factors vary significantly among drivers and
among vehicles and are also affected by the nature of the roadway, traffic patterns,
and other driving conditions. In any case, 500 feet (0.0947 miles) appears to be an
absolute minimum visihility requirement for safe use of public roadways. Indeed,
a much higher value can be justified for maintaining safety on many roads,
particularly heavily traveled expressways such as long interstate downgrades used
by many tandem tralers.

Another area of concern is that the light scattering equation (26) applies for a
narrower range of conditions than those for which VSMOKE, overal, is designed.
The relationship between opticd properties of smoke and particulate matter
concentration varies considerably from that given by equation (26). Background
pollutants may not share the optical properties of smoke. Opticadl properties of
smoke and background are subject to drastic change as relative humidity increases,
and non-hydrophobic particles will scatter and absorb more light as humidity
approaches saturation. In addition, vishility observations in high humidity exhibit
a great deal of variation. Because the causes of these variations are incompletely
understood and difficult to specify in an operational environment, the processes
have not been included in this version of VSMOKE. Further discussion on the
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Dispersion

Index

limits and the extension of the light scattering equation are given within the
VSDRYG and BEXTFS subprograms of the VSMOKE computer code.

VSMOKE sightline estimates are given for the horizonta crossplume direction
only; sghtline characteritics in other directions may vary sgnificantly (fig. 11).
Because sightline quaity can vary with respect to orientation, VSMOKE includes a
calculation of a constant X, vaue, CRITPM, that would result in a sightline that
just meets the contrast ratio and vishility criteria Any particulate matter
concentration gregter than CRITPM has the potentidd to result in ground-level
sightlines oriented in another horizontal direction from the crossplume and not
meeting the input Sghtline criteria. Mesting the criteria depends on Xy vaues
dong a particular sghtline direction. For example, if centerline Xy values drop
very dowly as downwind distance increases and the plume is very narrow, an
upwind-downwind sightline may fail to meet the criteria a a downwind distance
for which the crossplume sightline does meet the criteria To adopt a conservative
approach to this problem, the user can consider any downwind distance with
particulate matter concentrations greater than CRITPM as a distance that has a
potentid roadway safety problem.

It is uncertain whether al visua cues necessary for safe driving are adequately
accounted for by the VSMOKE crossplume sightline model. VSMOKE visibility
and contrast ratio estimates should be interpreted very cautioudy. Such estimates
are far from “proof’ that safe driving conditions are assured a a given distance
from a fire. A safer, conservative approach would regard VSMOKE estimates as
indicators of potentid smoke-related low vishility problems a a given distance
from a prescribed burn site,

VSMOKE provides an estimate of the amospheric capacity to disperse smoke
emissions from prescribed burming activity over a given area to acceptably low
average concentrations downwind of that activity. The Disperson Index (DI),
developed by Lavdas (1986), is used to provide this estimate. Dispersion Index
combines the effects of transport windspeed, stability class, and mixing height on
smoke concentrations from areawide forestry-prescribed burning. This index is
closdly related to ventilation factor (i.e, the product of transport windspeed times
mixing height), a parameter widely used in making operationa prescribed-fire
smoke management decisions. Accounting for the rate of dispersion within the
mixing layer by anayzing verticad disperson coefficients as specified by stability
class, DI provides a more complete description of atmospheric dispersion than
ventilation factor. Because stahility class is used, DI can be determined in stable
conditions when mixing height and ventilation factor are undefined. Therefore, DI
provides values that can be directly compared between daytime and nighttime
conditions, while ventilation factor cannot. This capability is particularly
important when deding with roadway safety problems associated with smoldering
smoke sources in high humidity conditions typicd of most nights in the Eastern
United States.
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or
MIXING HEIGHT (neutral/unstable)

PLUME DEPTH (stable)

Dispersion Index is mathematically derived directly from widely used U.S. EPA §
dispersion models and measured or inferred characteristics of plume rise from

prescribed fires of low to moderate intengty. A uniform area emission source

representing the aggregate effects of prescribed-fire activity as typically conducted

in the Eastern United States is used within an adaptation of the U.S. EPA

climatological disperson model (Buse and Zimmerman 1973). The prescribed- |
fire activity source occupies a 50 by 50 km? area (gpproximately 1,000 square |
miles), and the adapted dispersion model calculates smoke concentration for an

“impact analysis point” a the downwind edge of the area (fig. 12). The model

alocates prescribed-fire smoke evenly between substantial plume rise and very

limited plume rise. The plume rise smoke is assumed to be well mixed within its

“effective depth.” This uniform mixing is a result of vertica dispersion processes

and the aggregate effect of a number of burns of varying intensity assumed to be

occurring within the area. The effective depth corresponds to the mixing height if

the atmosphere is unstable or near neutral. If the aimosphere is stable, effective

depth is determined from characteristic prescribed-fire heat emission rates and
representative  atmospheric  conditions. The remaining smoke with very limited

EFFECTIVE PLUME
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INCREASE IF NOT
RESTRICTED BY
MIXING HEIGHT
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Figure 12-Dispersion index emissionsmodel asused in VSMOKE.
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plume rise represents smoldering. This smoke is dispersed from the ground with
an initial verticd disperson coefficient of 30 m. Atmospheric dispersion processes
are integrated over al transport distances from within the area of prescribed-fire
activity to the “impact anaysis point” to estimate a concentration value for that
point (fig. 12). The inverse of the smoke concentration a that point is the value
used for DI.

When caculating smoke concentration resulting from  plume-rise-associated
smoke, the effective depth is assumed to be constant over the entire area. When a
mixing height is thermally defined (i.e, in unstable or neutrd conditions), this
assumption is identical to that used in VSMOKE plume caculations for smoke
uniformly mixed within the mixing layer. In stable conditions (no thermally
defined mixing height), calculating the effect of disperson processes over the
entire area is described by Lavdas (1986). By considering dispersion over the
entire area and using a single effective height, the calculation process is greatly
simplified and is analogous to the process used for verticaly well-mixed smoke.

Values of effective height are set by the following scheme. When mixing height is
defined in unstable or neutra - daytime conditions, effective height is st to the
mixing height but is redricted to a minimum value of 240 m. At night, when
gtable conditions often prevail-resulting in an undefined Mixing height-the
effective height of the uniform smoke layer is dependent on dtahility class. If the
stability class is near neutral— night, the depth matches the mixing height (or
depth of the isothermal layer), but is restricted to a range between 240 and 600 m.
If the stability class is dightly stable, the uniform smoke layer depth is 180 m. If
the stability class is moderately or extremely stable, the depth is 150 m.

The smoke that is very limited in plume rise in the DI model undergoes a Gaussian
dispersion process (Lavdas 1986). The initid verticd dispersion coefficient for
this smoke is set a 30 m, regardless of amospheric stability conditions-unstable,
stable, or neutrd-day or night. The effect of dability on the smoldering smoke
causes it to disperse at the rate appropriate to the assigned stability class. The
functional dependence of this dispersion on downwind distance is accounted for by
numerical integration of the appropriate functions for vertical dispersion
coefficient over the range of distances from within the prescribed-fire activity
source area to the “impact analysis point.”

With al other factors equal, the uniform area source in figure 12 may be thought of
as prescribed burning activity. The smoke concentration at the impact anaysis
point may be thought of as the averaged aggregate effect of the burning activity.
As the smple inverse of that concentration, DI can be used as a measure of the
burning activity possble without adverse aggregate effects from added smoke
concentrations. In the absence of other sources of atmospheric pollution, the
relationship between DI and acceptable burning activity might be considered
directly proportional. However, the limitations of DI must be recognized. For
instance, because the smoke emission source is defined as uniform and covers a
wide area, DI is not an appropriate analysis tool for smoke effects from an
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Low Vighility
Occurrence  Risk
[ndex

individud plume (unless that plume happens to be 50 km-about 3 1 miles wide!).
The VSMOKE plume model, not DI, should be used for single plume anayss.

The direct relationship between DI and estimated smoke concentration a the
impact anaysis point (fig. 12) implies that any maximum smoke concentration
level st for that point would not be violated when burning activity is doubled on
occasions when DI is doubled. Because DI is calculated only on a proportionate
basis, the concentration criterion is never explicitly specified; therefore, DI does
not directly specify an absolute acceptable level of burning activity. Designed to
enable areawide dispersion comparisons among weather regimes, DI is well suited
as a basis for dlocating smoke emissions from prescribed-fire activity over areas
ranging from subcounty to multicounty sixes (about 25 to 10,000 square miles).

Table 4 interprets DI vaues. The interpretations are based on climatology, criteria
for ar dagnation, and prescribed weather conditions for controlled burning.
Although they have been used for severd years, these interpretations may be
regarded as preliminary. With experience and expertise, the interpretations may be
modified and the ranges redefined to best fit the fire and atmospheric patterns of a
specific area.

Disperson Index does not account for high humidity effects on vishility in smoke.
Dispersion Index dtrictly describes areawide atmospheric capacity to disperse
pollutants to or below some acceptably low criterion value for smoke

concentration. In high humidity, a smoke concentration sufficiently low from an
ar quality assessment standpoint may generaie or worsen a hazardoudly low
vighility in smoke and fog. However, when DI is combined with relaive humidity,
it appears to help characterize the frequency of low vishility occurrences resulting
from fog, smoke, or both.

VSMOKE provides an estimate of risk of low vighility and smoke hazard on
roadways by usng the LVORI (Lavdas and Hauck 1991). Low Vishility
Occurrence Risk Index is a semiquantitative, indexed variable that expresses the
estimated level of risk for roadway vishility hazard with integer values from 1 to
10. A vaue of 1 denotes the lowest (standard) risk category and a vaue of 10
denotes the highest risk category. The 10 categories alow considerable flexibility
and opportunity for developing multiple management strategies. Low Vishility
Occurrence Risk Index vaues are determined directly from DI and relative
humidity (RH). Low vaues of DI combined with very humid conditions result in
the highest LVORI vaues, while moderate to high DI values combined with
moderate to dry humidity conditions yield low LVORI vaues. The top part of
table 5 shows LVORI values as a function of DI and RI-l. The bottom part
presents interpretations of these values.

Low Vighility Occurrence Risk Index is derived from an anaysis of the observed

proportions of low visihility in fog, smoke, or both as reported by the Florida
Highway Patrol at over 400,000 roadway accident stes during 1979-8 1. The
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accident reports were dtatistically stratified with respect to the estimated weather at
the time and place of each accident. The weather estimates were based on National
Weather Service surface and upper ar observations a stations near or surrounding
each accident ste. Twice dally, upper ar reports were used to estimate mixing
height and transport windspeed a each surface weather station at the time of each
avallable observation (ranging from every hour to every 3 hours). The surface
dation data were weighted to estimate conditions appropriate for the county where
each accident occurred. Various weather parameters in the accident sites data base,
including estimates of windspeed, humidity, stability class, and DI, were correlated
to the proportion of reports of low visihility in smoke and/or fog found in the
Florida Highway Petrol data base. Relative humidity and DI showed the strongest
and mogst physically coherent association. The dtratification of the data matched
expectations based on physica mechanisms (i.e, as RH increased, DI decreased, or
both, the proportion of low-vishility reports by the Forida Highway Petrol
uniformly and smoothly increased). In generad, datistical proportiondity testing of
the data showed very strong dtatistical significance. With the exception of
categories 1 and 2, each LVORI category is dtatisticaly distinct from any other
category. Tedts involving DI as the sole indicator of risk were used as the basis for
distinguishing between category 1 and category 2. No need for any additiona
categories emerged from similar tests involving only RH.

Table 5 shows the relationship between risk of vishility hazard on roadways and
RH and DI. Only a smal degree of smoothing was performed on the raw accident
data to generate the tabular values shown, and this data smoothing was restricted
to selecting values of DI and RH to group together. The smoothness of response
of LVORI with increassng RH and decreasing DI lends considerable credence to
the associations found in the anaysis. In the bottom portion of table 5, a low
LVORI value indicates a relatively low proportion of accident reports with fog,
smoke, or both, a higher number indicates an increased proportion'and the
likelihood of increased risk of roadway hazard resulting from low vishility in
smoke. Low vighility in Florida is a relatively uncommon event. The highway
patrol reported fog, smoke, or both in only 3,235 out of a tota of 433,649
analyzed accident reports during the 3-year period. In these reports, 604 included
smoke, 2,972 included fog, and 341 included both smoke and fog. This proportion
can be as low as about 1 in 1,000 for LVORI = 1 (or 2) or about 150 times higher
when LVORI = 10 (table 5).

Unfortunately, data used to develop LVORI are scarce, expensive, and time
consuming to process, LVORI has not been verified by an independent data set.
Until verification, this index must be regarded as a datisticaly well-behaved,
reasonable, working hypothesis that should be used cautioudy when making fire
management  decisions. The literd use of the level of risk given in table 5 is not
recommended.

Vighility studies using observationa data at Nationd Weather Service and

experimental  Sites have yielded dramatically different proportions of low visibility
rik. For example, much higher low-vishility proportions in very humid
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conditions were found by Lavdas (1974) in a study of fog in coasta Georgia. Part
of this difference is attributed to scatter and uncertainty associated with probable
errors in the weather estimates at accident sites often geographicaly remote from
weather  dtations.

Accident data sets can be inaccurate because law enforcement officials are not
traned to make meteorologicd observations. The highway patrol data were
screened to remove reports with obvious problems (eg., daylight conditions
reported for a 1:00 am. accident). Occasionally, fog would be reported with
spurioudy low RH estimates. These reports were accepted under the assumption
that fog-like conditions were present and perhaps a result of evaporation after a
local shower or generation of a plume that appeared more like fog than smoke.
These reports received respect, because roadway safety is an overriding
consideration in any report law enforcement officers make.

Unlike most information presented by VSMOKE, LVORI is given as a
semi-quantitative value-an index giving a risk category, somewha in the same
fashion that an insurance risk category might be determined and described. The
insurance risk analogy even applies to the source of the data: a large number of
accident reports and the association of circumstances surrounding the accidents.
The user should carry the insurance risk analogy one step further; avoid the high
risk categories and lower the risk as much as practicable.

An additional degree of caution is required when using LVORI for prescribed fire
applications within any climatic regime gregly dissmilar to that of Florida
Subjective experience in an operational forestry weather forecasting environment
indicates that LVORI can be directly applied in the humid climates within a few
hundred miles of the Gulf of Mexico (Rippen, footnote 1, page 5). However, the
aoplicability of DI and RH relationships included in the current verson of LVORI
in other locations is less certain. Synoptic-scale weather patterns conducive to fog
and low vighility in smoke are likely to have varying relationships to localy
observed weather parameters in various climatic regions. Hazardously low
visihility response in climatic areas where the frequency distributions of relative
humidity, stability, windspeed, and perhaps cloud cover are markedly different
from those found in Florida may be somewhat different. Frequencies of low
vighility with respect to DI and RH could vary, or could be more closdy
associated  with other  meteorological parameters.

Significant differences in the relationships are aso likely on a much smaller spatia
scale. For example, fog prone areas will probably experience more hazardous
conditions when the nearest RH observations indicate “margina” conditions or
rik. Areas downwind (or "downdrift") from water bodies or very wet aress, such
as swamps or highly irrigated agricultural tracts, can experience increased and
more serious visua obgtruction. Subtle terrain features can induce low visibility as
nearly saturated air is forced to rise and cool. Vegetative and soil differences can
cause sign&ant differences in amospheric radiational cooling rates and locad arr
flow patterns that can be important in low vishility events resulting from fog,

52




Installing VSMOKE

Installing

Testing

Test Procedures

smoke, or both. In a very humid environment, a forced mixing of air masses with
dightly different characteristics can trigger rapid fog formation. Background
atmospheric pollutants can force widely varying visibility responses, because many
pollutant condtituents in smoke and other sources contain nuclel capable of
forming water droplets in a process closely analogous to cloud formation. The
exact nature and mixture of amospheric pollutants a a given location will
determine whether conditions must be saturated with respect to a planar surface of
pure water for such smoke and fog clouds to form, which is the reason why LVORI
risk levels (table 5) start to rise when RH is considerably less than 100 percent.

No indtalation steps are necessary prior to running VSMOKE. VSMOKE.EXE
is run like any FORTRAN 77 program on the host system. However in the PC

environment, an appropriate library of mathematical functions and processes must
be present.

If VSMOKE.FOR (but not VSMOKE.EXE) has heen supplied, the program must
be compiled and linked like any other FORTRAN 77 source listing in the host
environment. In the PC environment, the source code must be broken into
segments before compilation can take place. Compiling the main program, input
sections, and output sections separately has given satisfactory results.

Running the test cases will help ascertain whether the program is functioning
properly on the host sysem. VSMOKE is a complex FORTRAN 77 agorithm
that uses many routines from various software libraries. The exact nature of the
executable ingtructions depends on the various interactions between the compiler,
linker, math co-processor (if present), operating system, and computer hardware.

1. Copy file VSMOKE.I11 onto file VSMOKEJPT.
2. Run VSMOKE.

3a. If a message indicating “END OF RUN FLAG = T" is displayed on the screen,
compare output file VSMOKE.OUT to file VSMOKE.O11.

3p. If the message indicates “END OF RUN FLAG = F" or no message appears,
a serious problem has occurred. First check that VSMOKEJPT properly matches

VSMOKE.I11. If VSMOKEJPT is correct, notify the authorized VSMOKE
. ve the difficul

4. Note any discrepancies between the output files.
5. Delete file VSMOKEJPT.
6. If you wish to save the output file, rename VSMOKE.OUT; otherwise delete it.

7. Repeat steps 1 through 6, using files VSMOKE.I22, VSMOKE.I33, and
VSMOKE.[44.
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8a. If discrepancies are nonexistent or inconsequentia for the four input files,
VSMOKE has successfully passed the testing procedure on your host system.

8h. If discrepancies are large and cannot be resolved, notes of the exact nature of
the discrepancies for the erant test runs will help the authorized VSMOKE
program maintenance agent identify and correct the problem.

The test cases are designed to test ranges of input values, exercise the various
flags, and force the execution of al non-error pathway logic within VSMOKE.
The values assigned to the input variables in the test cases should not be
considered recommendations for any operationa use.

File VSMOKE.I11 contains the first test case:

60

'VSMOKE.I11 TEST CASE 1”
36.000 76.000 5.0 1994 3 26 8 15.5 1.0 T T T 0.02
0.25

40.0 240.0 40.0 250.0 14.0 4.0 4.0 2.0 T 0.60

14 -500. -1. 30 T1 1500. 2.0 0.0 0.0 30.0 2.5
15 -500. -1. 40 T 2 1500. 4.0 0.0 0.0 40.0 3.0
16 -500. -1. S50 T 3 1500. 6.0 0.0 0.0 40.0 3.5
17 -500. -1. 60 T 4 1500. 8.0 0.0 0.0 40.0 4.0
18 -500. -1. 70 F 4 500. 4.0 0.0 0.0 50.0 5.0
19 -500. -1. 80 F5 240. 2.0 0.0 0.0 40.0 5.0
20 -500. -1. 90 F 6 240. 1.5 0.0 0.0 35.0 4.0
21 -500. -1. 100 F 7 240. 1.0 0.0 0.0 30.0 3.5

14 4.0B+01 1.0BE+01 5.0B+01 +0.60
15 4.0E+01 1.0E+01 5.0BE+01 - 1. 00
16 4.08+01 1.0BE+01 5,0B+02 -0.90
17 2.0E+00 4.0E+01 1.0E+00 -0.75
18 1.0E+00 1.0E+00 1.0E-02 +0.50
19 1,0E-01 1.0E+00 1.0E-03 0.00
20 1.0E-02 1.0B-01 0.0E+00 +1.00
21 1,0B-04 1.0x-02 1,0E-05 +0.80
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File VSMOKE.I22 contains the second test case;

63

'VSMOKE,I22 = VSBMOKE''S8 SECOND TEST CASE SOMEWHERE HALF NEAR TO DOWN UNDER!
-35.067 -145.383 -9.25 2002 04 13 6 11.0 1.0 T FF 0.0 0.0

640.0 1920.0 15.0 50.0 11.0 0.75 1.00 0.25 F -0.75

2002041311 -46. 845.6 20 T 2 .240, 0.5 0.0 30.0 0.0 0.0
2002041312 +123., 992.3 25 T 2 7000. 10.0 0.0 30.0 0.0 0.0
2002041313 +32. 1013.25 30 T 3 1500. 8.0 0.0 30.0 0.0 0.0
2002041314 50. 1065.3 16 T 3 1500. 4.0 0.0 30.0 0.0 0.0
2002041315 44. 888.0 9 T 4 500. 4.0 0.0 30.0 0.0 0.0
2002041316 60. 700.0 37 T 4 5000. 4.0 0.0 30.0 0.0 0.0

File VSMOKE.I33 contains the third test case:

60
'VSMOKE.I33 - TEST CASE3:'

30.000 90.000 6.0 1993 1 4 1 14.00 0.0 F T T 0.05 0.125
0.0 0.0 0.0 0.0 13.50 0.0 0.0 0.0 T 2.0

1993010414 59. 1014.0 55 7. 9 13000. 850. 3.5 0.0 0.0 125. 8.0
1993010414 30.0 2.0 15.0 -0.95

File VSMOKE.J44 contains the fourth case;

66

'VSMOKE,I44 TEST CASE 4:'

35.583 76.217 4.0 1996 5 4 21 12.75 1.0 fFT70.25 0.25
10.0 50.0 17.0 315.6 13.0 4.0 6.0 4.0 T+0.60

1245 75. 1012.4 33 3. 0 99999. 1200. 3.6 0.0 0.0 30.0 2.5
1345 79. 1012.4 29 5. 1 99999. 1500. 5.8 50 10.0 35.0 5.0
1445 82. 1013.0 27 6. 4 99999. 1750. 4.7 30.0 40.0 100.0 20.0
1545 90. 1011.9 18 5. 10 25000. 2645. 6.3 100.0 100.0 30.0 4.0
1645 69. 1013.8 75 37. 10 600. 1000. 23.5 10.0 10.0 20.0 3.0
1745 78. 1012.7 48 16. 10 15000. 1500. 8.0 0.0 0.0 40.0 3.0
1845 81. 1010.5 39 6. 10 5000. 1700. 5.9 5.0 5.0 50.0 8.0
1945 74. 1009.8 44 3. 10 15000. 700. 2.8 20.0 20.0 0.0 0.0
2045 73. 1010.4 48 5. 10 7000. 500. 5.0 50.0 0.0 0.0 0.0
2145 70. 1010.4 s2 0. 10 4000. 300. 1.5 90.0 0.0 0.0 0.5
2245 68. 1011.9 56 0. 7 4000. 240. 1.0 65.0 5.0 50 1.0
2345 63. 1012.3 64 0. 8 4000. 240. 1.0 0.0 0.0 40.0 3.5
0045 61. 1012.0 69 3. 5 99999.  240. 1.5 0.0 00 00 00
0145 59. 1012.2 70 4. 4 99999.  240. 2.2 0.0 0.0 0.0 0.0
0245 57. 1012.5 78 9. 2 99999. 240. 4.6 1.0 1.0 10.0 2.0
0345 54 1011.8 85 10. 0 99999. 240. 5.1 5.0 3.0 20.0 3.0
0445 53. 1011.5 89 7. 0 99999. 240. 5.7 5.0 3.0 20.0 3.5
0545 52. 1011.7 93 6. 4 99999. 240. 6.1 0.0 0..0 40.0 4.0
0645 53. 1011.6 100 0. 10 o. 400. 2.0 0.0 0.0 40.0 4.0
0745 57. 1010.2 94 0. 6 500. 600. 55 0.0 0.0 30.0 3.0
0845 68. 1009.0 76 0. 1 99999. 900. 7.1 0.0 0.0 30.0 3.0
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VSM OKE Program
Characteristics

Program Files

A brief description of the files used in VSMOKE follows:

1. VSMOKE.DOC—a documentation file for program VSMOKE, which
should be consulted before VSMORE is run.

2. VSMOKE.FOR—contains the VSMOKE FORTRAN 77 source code listing
for use in the PC or similar environment. To compile the program, this source
listing is copied, then broken into three sections; the first contains the main
program, the second contains IN'DATA and al subprograms referenced directly or
indirectly by INDATA, and the third contains output-related subprograms
(subroutines CHIOUT and VOUTPR and al subprograms referenced directly or
indirectly by subroutine CHIOUT).

2a. VSMOKEMN.FOR—contains the FORTRAN 77 source listing for the main
program of VSMOKE.

2b. VSMOKEIP.FOR—contains the FORTRAN 77 source listing for the input-
related subprograms of VSMOKE.

2c. VSMOKEOT.FOR-—contains the FORTRAN 77 source listing for the
output-related  subprograms  of VSMOKE.

3. VSMOKEMN.OBJ—contains the object code generated by compiling the
main program of VSMOKE.

4. VSMOKEIP.OBJ—contains the object code generated by compiling the input
related subprograms of VSMOKE.

5. VSMOKEOT.OBJ—contains the object code generated by compiling the
output related subprograms of VSMOKE  environment.

6. VSMOKE.EXE—contans the executable code generated by linking the three
VSMOKE object code files, VSMOKEMN.OBJ, VSMOKEIP.OBJ, and

VSMOKEOT.OBIJ.

7. VSMOKE.IPT—is the single input file for VSMOKE; it must be present when
VSMOKE is run; formatting and required data are described in VSMOKE Input
Requirements.

8. VSMOKE.OUT—is the output file generated when VSMOKE is run; any data
dready present in this file & run time are logt.

9. VSMOKE.I**—(where ** is a multiple of 11, up to 44) are sample input files
included for testing purposes.

10. VSMOKE.O**—(where ** is a multiple of 11, up to 44) are outpt files,
corresponding to each sample input file, included for testing purposes.
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Sour ce Code-
Characteristics and
Structure

11. VSMOKE.SCR—a pseudo-scratch output file generated during a VSMOKE
run; if the find output file, VSMOKE.OUT, cannot be successfully completed, this
file may be kept a the end of the run; otherwise, it is deleted during the run after
VSMOKE.OUT is generated.

VSMOKE uses FORTRAN 77 “list-directed” input from file VSMOKEJPT in all
cases. Lig-directed output is used only to echo-print the contents of the input file
and diagnose some errors. The remaining output is formatted.

All input required to run VSMOKE is provided through file VSMOKE.IPT.
“Ligt-directed” read statements input data to this file. The VSMOKEJPT data
must be given in the exact order and format described in Input Requirements.

Nearly @l output generated by VSMOKE is written onto file VSMOKE.OUT.
Formatted output statements assume that FORTRAN 77 formatted output printing
conventions are followed by the host system. When generated by formatted
WRITE datements, the VSMOKE.OUT output file consists of up to 127 printed
characters per line. Up to 60 lines per individua page are generated within the
period-by-period and wordt-case analysis sections of the output. The output file
begins with an echo-print section. The length and characteristics of this section
depend on the length of the VSMOKEJPT input file and how host computer and
software  systems handle FORTRAN 77 ligt-directed output.

The FORTRAN source code for VSMOKE is contained in file
VSMOKE.FOR. The source code fully meets ANSI Standard X3.9.1978
(FORTRAN 77 programming language-full language), ANSI (1978). The code

is thoroughly commented, both with respect to programming logic and underlying
mathematical and scientific bases.

VSMOKE consists of 34 subprogram units, including 1 main, 13 subroutines, 19
functions, and 1 block data unit. The man program, VSMOKE, opens the input
and output files, VSMOKEJPT and VSMOKE.SCR, and cdls the controlling
input and output subprograms, INDATA and CHIOUT. All input is handled in
INDATA, subprogran LSMKWX, or subprogran EMSPRI. Subprogram
INDATA cdls LSMKWX when stability class is not available in the input file;
INDATA cdls EMSPRI when period-hy-period emissions related data are included
intheinput file. With the exception of echo-printing of input data, any necessary
error diagnostics, and an end-of-run message, al VSMOKE-controlled output is
initidly handled in CHIOUT or WOCOUT. Subprogram CHIOUT cadls
WOCOUT to process worst conditions found among al analyzed periods. Caled
by the man program, subprogran VOUTPR generates find output.

Double precison mathematicd processing is invoked selectively within
subprograms  YRATIO and EDEPTH and completely in subprogram QNORML.
Double precision is required within these subprograms unless a least roughly 60
bits are available for actual single precision real number processing on the host
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Visud Overview

Subprogram Descriptions

system Single precision processing is used exclusvely for floating point
processing in al other subprograms.

Figure 13 provides a 12-page overview of program VSMOKE and names
subprograms, identifies input/output points, and shows major loops and decision
points of the program.

A brief description of each subprogram follows.

VSMOKE-main program initidizes program name and verson number for the
page header output lines, opens files VSMOKE.IPT and VSMOKELSCR, cdlls
subroutines INDATA, CHIOUT, and VOUTPR, and stops the run. During a
normal run, the only output generated by the main program is an end-of-run
message to the screen. In case of errors, other messages may be generated.

INDATA-subroutine reads and error checks fire and weather data, then directly
or indirectly determines weather and emissions variables for each period; if needed,
cals subroutine LSMKWX to determine stability class; cals either subroutine
EMSPRI or EMSPRC, depending on whether period-by-period emisson rate
related values are to be read in or caculated. This subroutine also generates echo-
print output to VSMOKE.SCR; in case of error, cals subroutine VOUTPR.

LSMKWX-subroutine reads and error checks weather data when that data does
not include stability class. determines stability class from the data and solar
ephemeris variables; cals subroutines ASTRO and SUNANG, and references
function ITURNR; generates echo-print output to VSMOKELSCR. In case of
eror, cals subroutine VOUTPR.

EMSPRI-subroutine reads and error checks period-by-period emission rate
related data; generates echo-print output to VSMOKELSCR, in case of eror, cals
subroutine  VOUTPR.

EMSPRC-subroutine  calculates  period-by-period emission rate related data.!?
IDAYYR-function determines day of year from year, month, and day.
ASTRO-subroutine computes solar ephemeris variables for a given day.

SUNANG-subroutine  computes  solar  elevation  angle.

ITURNR—function determines Stability class from surface weather and solar
elevation angle.

12 Sybprogram EM SPRC wascodeveloped by Leonidas G. Lavdas, Research M eteor ologist, USDA Forest Service, Juliette, GA, and Clay D. Gillespie,
formerly a systemsanalyst with theGeorgia Forestry Commission, Dry Branch, GA.
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VSMOKE (MAIN) M

| SET HEADER |

| INQUIRE VSMOKE.IPT |

)om\

Y N7 N
v v
OPEN VSMOKE.IPT ’ ERROR EXIT
| v
¥
OPEN VSMOKE.SCR

CALL INDATA | (2A)

CALL CHIOUT | (6A)

CALL VOUTPR | (8A)

. RUNOK?

T F

v v
NORMAL EXIT ERROR EXIT |

| 1

£

Figure U-Flowchart of FORTRAN 77 Computer Code for VSMOKE, Verson 19950128—Continued on pages 60-70.
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INDATA (2A)
SET HEADER
PRINT HEADER
READ NLPAGE
/og —
-‘l— \/ F
v i
| PRINT NLPAGE | ERROR EXIT
| v
y
READ KTITLE
)om\
T N F
v v
PRINT KTITLE ERROR EXIT
B 1
v
| READ ALAT.. . VISCRT]|
/ot?\
v v
PRINT ALAT ... VISCRT ERROR EXIT
1
L
READ ACRES.RFRC
/oi?\
¥ v
PRINT ACRES. . . RFRC ERROR EXIT

Figure 13-Flowchart of FORTRAN 77 Computer Code for VSMOKE, Version 19950128—Continued.
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|
‘ STBD
i

INDATA (CONT.)
|

(2B)

F
=KPENODLOOP)
READ NUMDWX ( . BKGCOA (
CALL LSMKWX | (3)
PRINT NUMDWX .. ERROR A
BKGCOA (1) EXIT
KNEXTPERKEH
’éEA\D ,
T \/ F
A 4 \ 4
CALL EEMSPRI (4) CALL EMSPRC | (5)

Figure13-Flowchart of FORTRAN 77 Computer Codefor VSMOKE, Version19950128—Continued.

CLOSE VSMOKE.IPT
(KEEP)

l RETURN | (1)
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LSMKWX

| SET CALENDAR & CLOCK | (IDAYYR)

~/,___JL____\
T — PERIOD LOOP

L ¥

E ET CALENDAR
EPHEMERIS &
ANGLE

(ASTRO)
(SUNANG)

| SET LTOFDY 0|

READ NUMDWX (I). . . BKGCOA (I |

, OK? ]
' v
PRINT NUMDWX (1) - .. ERROR EXIT

3)

BKGCOA (l)

v
SET ISTABA () | (ITURNR)

1
RESET CLOCK

{ NEXT PERIOD

!

[RETEJRN |B )

Figure 13-Flowchat of FORTRAN 77 Computer Code for VSMOKE, Verson 19950128—Continued.
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READ NUMDRT (1) . . . EMTQR (l)

Y
L i

&

EMTQR (1)

PRINT NUMDRT (1) ...

Figure13—Flowchart of FORTRAN 77 Computer Code for VSMOKE, Version19950128—Continued.

(NExT PERIOD )

RETURN
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EMSPRC

SET HOTFLX,
FCSTDY, FC2ER1,
FC2ER2, CLOCK

v

—»( PERIOD LOQP

NUMBER

[ SET DUMMY RATE ‘

FIRE START

SET TIME SINCE |

EMTQR (1)

SET FCONSM, EMTQH (1),

v

| SET EMTQPM (I), EMTQCO (I) ‘

RESET CLOCK

RETURN

Figure 13-Flowchart of FORTRAN 77 Computer Code for VSMOKE, Version19950128—Continued.
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HIOUT (6A)

| SET VARIOUS CONSTANTS |

| INITIALIZE WORST CASE VALUES |

SET SIGMA-Y'S FOR VIRTUAL DISTANCES (SETSGY,
SIGMAY)

1
| SET ELINE, LNSRCE, LNLONG |

SET VISCMT, CRITPM
1

' SET CLOCK

» PERIOD LOOP

| SET THIS PERIOD’S CONSTANTS |

| SET ATMOSPHERIC DENSITY | (RHOMIX)

y

SET DREVMRILVORI (DSPNHR..CRITGT.,CRITLT,
, ILVORI, KDIADJ, KLVADJ)

| SET VIRTUAL DISTANCES | (XVY, XVZ)

e

T
L 4

SET BACKGROUND

& SIGHTLINE (BEXTFS)

VALUES

|

[ WRITE HEADER, KTITLE |

WRITE INPUT & DERIVED VALUES

1
WRITE DI, LVORI

Figure 13-Flowchart of FORTRAN 77 Computer Code for VSMOKE, Version19950128—Continued.
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CHIOUT_[CONT) (68)

AT

~_ F

I
¥ v

WRITE CCOCRT, VISCRT

& LONG TABLE HEADING WRITE SHORT TABLE HEADING

]

|

[

N\

DISTANCE LoOP

y

SET EFFECTIVE DISTANCES

SET PLUME RISE | (GABRIZ)

:

['SET siGMAS | (siGMAY, SIGMAZ)

|

| SET YFACTR | (YFCTR, YRATIO, QNORML)

SET ZFACTR | (ZFCTR, OZREFL, EDEPTH, QNORML)

SET DLFCTR

DETERMINE SMOKE PM & CO

CONCENTRATIONS

| CONVERT CO TO PPM |

| DETERMINE TOTAL PM & CO |

CONCENTRATIONS !

RESET 'WORST CASE

CONCENTRATIONS

Figure13—Flowchart of FORTRAN 77 Computer Codefor VSMOKE, V ersion19950128—Continued.
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HIOUT (CONT. (6C)

‘ SIGH |
T F

-
TS oo, vaan
QNORML, BEXTFS)
RESET WORST CASE &
UNACCEPTABLE DISTANCE INDEX
v "
WRITE LONG FORM VALUES WRITE SHORT FORM VALUES
FOR THIS DISTANCE FOR THIS DISTANCE
—
(NEXT DISTAN@
SIGH —
T F
4 v
WRITE LONG FORM WRITE SHORT FORM
BACKGROUND VALUES BACKGROUND VALUES
<
¥
WRITE RH NO WARNING
~WARNING
l
l
WRITE VISIBILITY
SUMMARY
T

| RESET CLOCK |

( NEXT PERIOD )

| cALL wocouT | (7)

=i

Figurel3—Flowchart of FORTRAN 77 Computer Code for VSMOKE, Version19950128—Continued.
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WOCQUT

o
> DISTANCE LOOP

o>

;

F
v v
WRITE LONG FORM WRITE SHORT FORM
VALUES VALUES
(NEXT DISTANCE)
T @ F
v v
WRITE BACKGROUND WRITE BACKGROUND

VALUES - LONG FORM

VALUES - SHORT FORM

WORST
RH > 70%?

F

!

WRITE RH WARNING NO WARNING

Figure 13-Flowchat of FORTRAN 77 Computer Code for VSMOKE, Verson 19950128—Continued.

WRITE VISIBILITY
SUMMARY

WRITE END VSMOKE MESSAGE |

RETURN | (6C)
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VOUTPR

| REWIND VSMOKE.SCR |

OPEN VSMOKE.OUT

<

y
ERROR EXIT

(8A)

[leAqu POINTEhS]

- /REPEAT LINES ... UNTIL
™\ END VSMOKE.SCR

INCREMENT SCR COUNTER
READ VSMOKE.SCR
N a Y
OK? .
Y N

L
I ERROR EXIT

N

r CHECK FOR PAGE SKIP .

SKIP LINES
——

Figure 13-Flowchart of FORTRAN 77 Computer Code for VSMOKE, Version19950128—Continued.
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VOUTPR (CONT.)

— CHECK FOR LINE SKIP ———

Y
|

SKIP LINE

SEARCH FOR LAST
NON-BLANK CHARACTER

WRITE TO VSMOKE.OUT

{ NEXT LINE

CLOSE VSMOKE.SCR

(DELETE)

CLOSE VSMOKE.OUT

(KEEP)

Figure 13-Flowchat of FORTRAN 77 Computer Code for VSMOKE, Verson 19950128—Continued.

| RETURN | (1)
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CHIOUT—subroutine controls caculations and output of selected input and
intermediate variables, DI, LVORI, downwind centerline particulate matter and
carbon monoxide concentrations, and dry weather crossplume visibilities and
contrast ratios, on a period-by-period basis; cals subroutines SETSGY, YFCTR,
DSPNPR, and VSDRYG, and references functions RHOMIX, KDIADJ, ILVORI,
ICLVADJ, XVY, XVZ, BEXTPS, GABRIZ, SIGMAY, SIGMAZ, and ZPCTR to
determine  period-by-period date; al period-by-period output is generated directly
to file VSMOKE.SCR, and cals WOCOUT to generate worst-case output from all
periods  analyzed.

RHOMIX-function computes density of a moist amosphere; vapor pressure is
determined following equation (8) of Buck (198 1).

DSPNPR--(Lavdas 1986) subroutine computes DI; references functions CRITGT
and CRITLT.

CRITGT—(Lavdas 1936) function aids in caculaing DI.
CRITLT—(Lavdas 1986) function aids in caculating DI.

KDIADJ—character function determines DI adjective corresponding to its input DI
value.

ILVORI-function calculates LVORI.

KLVADJ—character function determines LVORI adjective corresponding to the
input LVORI value,

GABRIZ—function computes plume rise & a given downwind distance resulting
from the sensible heat emissions from a fire (Briggs 1975); dightly modified as
noted in comments within the code.

SETSGY—subroutine presets vaues of horizontal dispersion coefficient for a
wide range of downwind distances for later use in “virtud distance’ calculations,
and references function SIGMAY.

XVY-function computes horizonta “virtual distance’” associated with a given
horizontal  dispersion  coefficient.

SIGMAY-function  computes  horizontd  disperson  coefficient.

YFCTR—subroutine computes the effects of al horizontal dispersion processes
for a point or line source and references function YRATIO for a “sgnificantly
long” line source only.

YRATIO-function computes ratio of concentrations from a finite line source to

those from an infinite line source, and references function QNORML to obtain area
under portions of the norma distribution curve.
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XVZ-function computes verticd “virtual distance’ associated with a given
verticd  dispersion  coefficient.

SIGMAZ-function  computes  vertical  dispersion  coefficient.

ZFCTR-function computes the effects of al vertica dispersion processes for the
variety of possble initid verticd plume configurations possble in VSMOKE, and
references functions OZREFL and EDEPTH.

OZREFL-function computes the effects of verticd exponentid terms in the
Gaussian plume equation’s “reflections” terms (from the ground and top of the
mixing layer) for a source and receptor a any height between the ground and top of
the mixing layer.

EDEPTH-function computes the “effective depth” of a source with emissions
initialy uniformly dispersed to some depth in the verticd and then subsequently
acted upon by Gaussian dispersion processes (the “effective depth” is relaive to
the concentrations a a ground-level receptor only), and references function
QNORML to obtain area under portions of the normal distribution curve.

VSDRYG—subroutine computes dry weather horizontd crossplume visibility and
contrast ratio for a given downwind distance resulting from a single smoke plume
and constant background, references function BEXTFS to obtain extinction
coefficient, and references function YRATIO.

BEXTFS-function computes extinction coefficient usng the relationship
according to Tangren (1982) as modified by Tangren in 1985 (fig. 14, footnote a,
page 84).

QNORMIL—double precison function that determines the area of the standard
normal digtribution that lies between a point x and “agpproaching infinity,” where
the sign of x and “approaching infinity" are the same.

BDSDWN—block data subprogram that sets al downwind distances used in
VSMOKE; these range from 1 m to 1000 km.

WOCQUT—subroutine processes and handles output for worst relative humidity,
DI, LVORI, paticulate matter and carbon monoxide concentrations, and dry
weather crossplume vishilities and contrast ratios; references functions KDIADJ
and KLVADJ; and generates output to VSMOKE.SCR.

VOUTPR—subroutine; opens and generates the final output file, VSMOKE.OUT,
from data in the pseudo-scraich output file, VSMOKE.SCR, generates screen
output only if it encounters an error.

Further research or future applications of VSMOKE may eventudly dictate that
dternatives to the Briggs (1975) relationships be used to estimate plume rise. The
current verson of VSMOKE is redtricted to the Briggs formulas. However,
VSMOKE is designed to make revisions to its plume rise calculation procedures a
straightforward process. Plume rise caculations are performed in one function,
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VSMOKE Input
Requirements

GABRIZ. The sole reference to GABRIZ is in subroutine CHIOUT. User-
designed subprogram dternatives to GABRIZ can be added to the existing code.
A control gtructure to select the appropriate plume rise subprogram should aso be
added within subroutine CHIOUT a the point where GABRIZ is referenced. The
selection among dternative plume rise subprograms can be dynamicaly controlled
by adding a new user input varisble. In addition, if any of the user's plume rise
routines depend on data not included in the VSMOKE input variables, provision
for including and processing the additional data would also be necessary.

Any effort to revise the methods used in VSMOKE to either distribute the smoke
that rises or determine its impact on downwind ground-level concentrations is not a
smple process” Any significant changes to the program methodology would
require extensive revision to and thorough testing of a number of subprograms in
the VSMOKE FORTRAN 77 code.

To use dternatives to the Pasquill-Gifford-Turner system to determine dispersion
coefficients in VSMOKE would reguire a program revison. VSMOKE is
designed to make revisions to its dispersion coefficient calculation techniques
(including incorporation of a sdlection methodology) a straightforward process.
Alternative subprograms to the current dispersion coefficient calculation functions,
SIGMAY and SIGMAZ, should be provided. Alternative subprograms for their
inverse functions, XVY and XVZ, which caculate “virtual distances’ are aso
required. References to al four functions should be revised by including a
selection dtructure to control the subprogram references. One reference to each of
the four functions is made in subroutine CHIOUT. One additional reference to
SIGMAY is made in subroutine SETSGY, which presets o, values used to obtain
horizontal virtual distances. Revisng the method of obtaining e, would probably
dso involve an dternative to subroutine SETSGY-—one reference to SETSGY is
made in subroutine CHIOUT. Dynamic control of the dispersion coefficient
selection process can be achieved by adding appropriate user input variables. In
addition, provison must be made for adding any input variables (such as wind
variability coefficients) required by an aternative scheme.

Any user knowledgeable in programming scientific models in the FORTRAN 77
language should be able to make these revisons. However, careful attention
should be given to the effects of plume rise, dispersion coefficient, or any other
revisons to VSMOKE on the mode’s “bottom ling” i.e, its ground-level
concentration and sightline related estimates, before using any revison(s) in an
operationd  environment.

Because al VSMOKE data are input through FORTRAN 77 ligt-directed

READ dsatements, users must be particularly familiar with the requirements
asociated with FORTRAN 77 list-directed input on their system. While this input
technique alows considerable flexibility, system dependent rules not defined by
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ANSl (1978) can affect the performance of VSMOKE. Moreover, care must be
exercised to ensure that al variables appear in their proper order and according to
their specified format, which in list-directed processing is controlled by the input
variable type (i.e, REAL vs. INTEGER vs. LOGICAL vs. CHARACTER).

The input file VSMOKEIPT must be avalable to the executable program at the
beginning of a VSMOKE run. The user is free to generate the data within
VSMOKEIPT by any convenient means before VSMOKE is run. Intermediate
“working” files will be necessary if automated pre-processing programs are to be
used to generate a subset of the required data That subset would then be merged
with the remaining required data before VSMOKE run time to meet dl input
requirements.  Although the integrity of the data witin VSMOKE.IPT is
maintained during a VSMOKE run, input files should be archived under unique
names and copied to VSMOKEIPT when a VSMOKE run is to be made.
VSMOKEIPT becomes a de facto working file when these operating procedures
are followed.

The input file contains variables that give processing ingtructions, describe the fire,
specify its atmospheric environment, and set criteria for acceptable smoke and
roadway visibility management. A significant proportion of the data are input on a
period-by-period  bass. To some extent, the layout of the data depends on the
values of two LOGICAL variables: LSTBDY and LQREAD.

Because dl user input to VSMOKE is through FORTRAN 77 ligt-directed read
statements, the following rules of this input process are most likely to affect the
VSMOKE  user:

1. Vaiables within the input file must agree in type (REAL, INTEGER,
LOGICAL, or CHARACTER) with the variable input list in the READ dtatement.

2. Generdly in VSMOKE, variables should be separated by a comma or one to a
few blank spaces.

3. An end-of-record mark (eg., a new line in an input file would usualy be
detect& as an end-of-record mark) is generally treated as a variable separator,
unless it is part of a CHARACTER variable (enclosed within bracketing
apostrophes).

4. A decima point is optional within a REAL variable that has a whole integer
value.

5. Powers of 10 exponentiad notation (eg., 1.35E+05 or 0.135E+06, for
135000.0; and 1.35E-04 or 0.135E-03, for 0.000135) may be used to specify a
REAL variable. Judicious use of this notation form may result in more accurate
representation of the REAL value within VSMOKE under certain conditions.

74
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6. A decima point is illegad within an INTEGER variable.
7. A plus sign (+) is optiona within either a REAL or INTEGER variable.

8. A minus sign (-) must be used as necessary within a REAL or INTEGER
vaiable or within the exponent of a REAL variable.

9. A LOGICAL vaiable is specified as T or F; TRUE or FALSE or .TRUE. Of
JFALSE. are also acceptable.

10. A CHARACTER variable is delineated by apostrophes (), which are not
counted as part of the CHARACTER variable if an apostrophe is a part of the
CHARACTER variable, use two adjacent apostrophes ("); only one becomes part
of the CHARACTER variadle.

11. The length of a CHARACTER variable in the input file should not exceed the
specified length of the corresponding CHARACTER variable in the input list of
the READ datement (in VSMOKE, the only CHARACTER input variable is
KTITLE which can be up to 72 characters long).

12. The input file CHARACTER vaue may be shorter than the specified length of
the corresponding CHARACTER varigble in the input list; blanks are used to “fill”
the unused postions of the CHARACTER varidble (eg., usng ‘12" in
VSMOKE.IPT for KTITLE causes postions 3 to 72 of KTITLE to be blanks).

Programming language FORTRAN Standard X3.9.1978 (ANSI 1978), as
implemented on the host computer system, should be consulted if questions or
problems arise associated with specifying a variable for the VSMOKE input
Process.

The fallowing input variables must be induded in file VSMOKE.IPT. These
variables are consdered on a line-by-line basis, with each line corresponding to the
execution of a READ dtatement in VSMOKE. Input lines with multiple
non-character data items may be broken into two or more shorter lines where the
break between the lines serves as-a variable separator within the input file.

Input line #-Read the number of lines per page to be used in the output file; in
subprogran  INDATA, the READ statement appears as follows.

READ(INPT,* ERR=900,END=950,IOSTAT=IERRNO) NLPAGE
where

NLPAGE = INTEGER, number of lines per page of output to be generated within
find output file, VSMOKE.OUT; must be within the range 60 to 66.

Input line #2-Read title of rum; in subprogram INDATA, the READ statement
appears as follows.
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READ(INPT,*,ERR=910,END=960,JOSTAT=IERRNO) KTITLE
where
KTITLE = CHARACTER*72, Title of run, up to 72 characters, apostrophes(’)

must appear immediately before and after the title in order to conform to
FORTRAN 77 list-directed input rules for CHARACTER data

Input line #3-Read place and time of fire, input weather data format, flags for
emissons data, and sightline criteria; unless otherwise noted, values are input as
REAL variables, in subprogram INDATA, the READ statement appears as
follows:

READ(INPT,* ERR=920,END=970,I0STAT=IERRNO) ALAT,
ALONG,TIMZON,IYEAR ,MO,IDAY ,NPRIOD,HRSTRT,
HRNTVL,LSTBDY,LQREAD,LSIGHT,CCOCRT,VISCRT

Where

ALAT = Laitude in decimal degrees north; vaid range is -90.0 to +90.0.
ALONG = Longitude in decima degrees west; valid range is -240.0 to +240.0.
TIMZGN = Time zone in decima hours behind UTC (i.e,, Greenwich), EDT =
4.0, EST = 50, CDT = 50, CST = 6.0, etc., with fractions alowed for locations
such as Newfoundland; vaid range is -18.0 to +18.0.

IYEAR = INTEGER, year (leading 19- or 20- optiond).

MO = INTEGER, month of year (January = 1, December = 12).

IDAY = INTEGER, day of month.

NPRIOD = INTEGER, number of periods in smulation; valid range is 1 to 100.

HRSTRT = Start time of simulation in decima hours, relative to IYEAR, MO,
and IDAY; any value is acceptable, but the usua range is 0.0000 to 23.9999.

HRNTVL = Length of time interva between adjacent individua periods during
samulation in decima hours, unless NPRIOD = 1, HRNTVL must be at least
0.0001 hours; if NPRIOD = 1, supply a dummy value.!?

LSTBDY = LOGICAL, TRUE if sahility class and daylight data are to be input;
FALSE if program must calculate these variables.

13 A dummy value means any valuelegal for the type of variable in theinput/output list. The value is read into the program, but is otherwise not
used.
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LQREAD = LOGICAL, TRUE if period-by-period total emisson rates, tota
sensble heat emission rate, and proportion of emissions subject to plume rise for
each NPRIOD are to be input; FALSE if program must calculate these variables.

LSGHT = LOGICAL, TRUE if crossplume gightline variable estimates (visibility
and contrast ratio) are needed; FALSE if not needed-omitting sightline
caculations can save ggnificant computationa time.

CCOCRT = Criticd contrast ratio upon which crossplume visibility estimates are
based; 0.02 is used for arport visua range; a somewhat higher value might be
appropriate for the general population of licensed drivers, a much higher value is
required for appreciating scenic vistas; not used if LSIGHT is FALSE, but a
dummy value must il be provided, if LSIGHT is TRUE, the vaid range of
CCOCRT is 0.000001 to 0.999999.

VISCRT = Vishility criterion for roaoway safety or other intended purpose in
miles, for roadway safety, set it to a least 0.0947 miles (500 feet); other
reasonable values for roadway safety include 0.125, 0.25,0.5, and 1 ,0 miles, not
used if LSIGHT is FALSE, but a dummy vaue must il be provided; if LSIGHT
is TRUE, VISCRT must be a least .OE-07, and no greater than 9999.99 miles.

Input fine #4—Read tire and smoke characteristics data; unless otherwise noted,
values are input as REAL variables, in subprogram INDATA, the READ
statement appears as follows:

READ(INPT,*,ERR=930,END=980,I0STAT=IERRNO)
ACRES, TONS,EFPM,EFCO,TFIRE,THOT,TCONST,TDECAY,LGRISE,RFRC

where

ACRES = Area of fire as a smoke source in acres, zero or negative specifies point
source  modeling.

TONS = Total mass of fuel consumed in short tons; not used if LQREAD is
TRUE, but a dummy value must gill be provided; if LQREAD is FALSE, TONS
must be non-negative.

EFPM = Emisson factor in pounds per ton for particulate matter; in the current
version of VSMOKE, “paticulate matter” may mean total or any size class, but the
input value of EFPM must be consistent with the input value(s) of BKGPMA(T);
see U.S. EPA (1985-90) for appropriate values, not used if LQREAD is TRUE,

but a dummy vaue must still be provided, if LOQREAD is FALSE, EFPM must be
non-negative.

EFCO = Emission factor in pounds per ton for carbon monoxide, see U.S. EPA

(1985-90) for appropriate vaues, not used if LQREAD is TRUE, but a dummy
vaue must ill be provided, if LQREAD is FALSE, EFCO must be non-negative.
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THRE = Start time of fire in decima hours; relative to IYEAR, MO, and IDAY
(usud range, 0.0000 to 23.9999).

THOT = Duration of convective period of fire in decima hours, beginning a time
TFIRE; not used if LQREAD is TRUE, but a dummy vaue must till be provided,
if LQREAD is FALSE, THOT must be non-negative, and THOT must not exceed
TCONST.

TCONST = Duration of constant emissions period in decima hours, beginning a
time TFIRE; not used if LQREAD is TRUE, but a dummy vaue must dill be
provided; if LQREAD is FALSE, TCONST must be non-negative, TCONST must
be a least as great as THOT, and TCONST + TDECAY must exceed zero.

TDECAY = Exponential decay constant for smoke emissions in decima hours; the
decay constant is applied beginning a time, (TFIRE + TCONST), as in: EXP
({(TSIM - (TFIRE + TCONST)) / TDECAY), where TSIM is the current

smulation time in VSMOKE; not used if LQREAD is TRUE, but a dummy value

must till be provided, if LQREAD is FALSE, TDECAY must be non-negative,
and TCONST +TDECAY must exceed zero.

LGRISE = LOGICAL, TRUE if plume is assumed to rise gradudly to its find
height as it travels downwind;, FALSE if plume is assumed to immediately attain
itsfind rise

RFRC = Proportion of emissions subject to plume rise +1 .O, denotes al emissions
rise to the height predicted by plume rise equations for a stack (Briggs 1975) and
undergo model dispersion processes initidly from that height only; zero denotes no
plume rise and disperson is initidly from ground level only; a postive fraction
denotes the plume is initidly split between full plume height and ground level; a
negative fraction denotes that the rising proportion of smoke (as expressed by the
abolute value of RFRC) is initidly uniformly distributed in the vertica from
ground level to the Briggs (1975) height and then this uniform verticd distribution
IS subjected to model dispersion processes as it moves downwind, the remaining
smoke is dispersed from ground level (if -1 .O, al smoke is initidly uniformly
digributed in the vertica, if -05, haf is initidly uniform and the other haf dtarts
from ground level); not used if LQREAD is TRUE, but a dummy value must dill
be provided; if LQREAD is FALSE, the valid range of RFRC is -1 .0to +1 .0; a
vaue of +0,6 is used by SFFLP (1976) and described by Lavdas (1978); an
unpublisned analysis of the Lavdas data shows that a value of -0.75 yields an
improved fit.

IF LSTBDY = TRUE; THEN, INPUT LINES #5to (NPRIOD + 4):
Loop through periods, using | as the index variable, reading period-by-period
weather data; the input data list includes daylight and dtability class, the data are

assumed  synchronous with the values of HRSTRT andHRNTVL and must be
synchronous with the optiona period-by-period emissions data; unless otherwise
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noted, values are input as REAL variables; within the appropriate IF block and DO
loop in subprogram INDATA, the READ statement appears as follows.

READ(INPT,* ERR=940,END=990,J0STAT=IERRNO) NUMDWX(I), TTA(D),
PPA(D),IRHA(D),LTOFDY(I),ISTABA(D), AMIXA(I),UA(I),OYINTA(D),
OZINTA(I),BKGPMA(I),BKGCOA(I)

where

NUMDWX(I) = INTEGER, this period's dummy weather data number to aid in
file  bookkeeping.

TTA® = This period's temperature a the surface in degrees Fahrenheit (a value
approaching or below absolute zero, i.e, less than -459.0 F, is interpreted as
defaulting to the U.S. Standard Atmosphere vaue for sea level, 59.0 F).

PPA(I) = This period's atmospheric pressure a the surface in millibars (mb) (a
value approaching or less than zero, i.e, less than 0.1 mb, is interpreted as
defaulting to the U.S. Standard Atmosphere value for sea level, 10 13.25 mb).

IRHA(D = INTEGER, this period's relaive humidity in percent; vaid range is 0 to
100.

LTOFDY(I) = LOGICAL, st to TRUE if this period is after sunrise and before
sunset; otherwise, set to FALSE.

ISTABA() = INTEGER, this period's dtability class (Turner 1964); vaid range is
1to7,

where

extremely unstable
moderately unstable
dightly undtable
near neutral

dightly stable
moderately stable
extremely stable

N TR WN
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AMIXA(D) = This period's mixing height in meters; valid range is 1 .0 to 10000.0
m.

UA(D) = This period's transport windspeed in meters per second (m/s); must be a
least 0.1 ms.
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OYINTA() = This period's “initid” horizontd crosswind dispersion a the source
in meters, must be non-negative.

OZINTA(I) = This period's “initiad” vertical dispersion a the source in meters (not
including RFRC/EMTQR() plume rise related effects); must be non-negative.

BKGPMA() = This period's background concentration of particulate matter in
micrograms per cubic meter (ug m®); in the current version of VSMOKE,
“particulate matter” may mean total or any Size class, but the input value(s) of
BKGPMA(I) must be consistent with the input value of EFPM (if LQREAD =
FALSE) or with the input valug(s) of EMTQPM(D) (if LQREAD = TRUE); must
be non-negative.

BKGCOA() = This period’s background concentration of carbon monoxide in
parts per million (ppm); must be non-negative.

ELSE IF LSTBDY = FALSE; THEN, INPUT LINES #5 to (NPRIOD + 4):

Loop through periods, using | as the index variable, reading period-by-period
wegther data; the input data list does not include daylight or stability class; the data
are assumed synchronous with the values of HRSTRT and HRNTVL and must be
synchronous with the optiona period-by-period emissions data; unless otherwise
noted, values are input as REAL variables; within the appropriate DO loop in
subprogram LSMKWYX, the READ statement appears as follows:

READ(INPT,* ERR=900,END=950,JOSTAT=IERRNO) NUMDWX(I),TTA(D),
PPA(D),JRHA(I), WSSFC,JCOVER,CEIL, AMIXA(I),UA(I),OYINTA(D),
OZINTA(I),BKGPMA(D),BKGCOA(I)

where

NUMDWX(D) = INTEGER, this period’s dummy weather data number to aid in
file  bookkeeping.

TTA() = This period’s temperature at the surface in degrees Fahrenheit (a value
approaching or below absolute zero, i.e, less than -459.0 F, is interpreted as
defaulting to the U.S. Standard Atmosphere vaue for sea level, 59.0 F).

PPA(I) = This period's atmospheric pressure at the surface in millibars (a value
approaching or less than zero, i.e, less than 0.1 mb, is interpreted as defaulting to
the U.S. Standard Atmosphere vaue for sea level, 1013.25 mb).

IRHA(D = INTEGER, this period's relaive humidity in percent; vaid range is 0 to
100.

(Note: The next three values are used to help determine this period's stability
class, stored in aray ISTABA.)
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WSSFC = This period's surface windspeed in knots; must be non-negative.

ICOVER = INTEGER, this period's opaque cloud cover in tenths, vaid range is 0
to 10.

CEIL = This period's cloud celing height in feet; if caling is unlimited, use 99999.
feet; if sky is obscured, use vertical visihility; must be non-negative.

AMIXA(I) = This period's mixing height in meters; vaid range is 1 .0 to
10000.0 m.

UA(l) = This period's transport windspeed in meters per second; must be at least
0.1 mf/s.

OYINTA(I) = This period's “initid” horizontd crosswind dispersion a the source
in meters, must be non-negative.

OZINTA(I) = This period's “initi” vertical dispersion & the source in meters (not
including RFRC/EMTQR(I) plume rise related effects); must be non-negative.

BKGPMA(I) = This period's background concentration of particulate matter in
micrograms per cubic meter; in the current verson of VSMOKE, “paticulate
matter” may mean total or any Size class, but the input value(s) of BKGPMA(I)
must be consstent with the input value of EFPM (if LQREAD = FALSE) or with
the input valug(s) of EMTQPM(I) (if LQREAD = TRUE); must be non-negative.

BKGCOA(I) = This period's background concentration of carbon monoxide in
pats per million; must be non-negative.

END LSTBDY BLOCK IF. ..THEN. ..ELSE.

IF LQREAD = TRUE; THEN INPUT LINES # (NPERIOD + 5) to (2 * NPRIOD
+ 4):

Loop through periods, usng | as the index variable, reading period-by-period
emission rate related data; data are assumed synchronous with the values of
HRSTRT and HRNTVL and must be synchronous with the period-hy-period
weather data; unless otherwise noted, values are input as REAL variables, within

the appropriate DO loop in subprogram EMSPRI, the READ statement appears as
follows:

READ(INPT,*, ERR=900,END=950,J0STAT=IERRNO)
NUMDRT(1),EMTQPM(1),EMTQCO(I),EMTQH(I),EMTQR(1)
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Output Overview

where

NUMDRT(I) = INTEGER, this period’s dummy emission rete related data number
to ad in file bookkeeping.

EMTQPM(I) = This period's total source emission rete of particulate matter in
grams per second; in the current verson of VSMOKE, “particulate matter” may
mean total or any size class, but the input value(s) of EMTQPM(I) must be
consistent with the input value(s) of BKGPMA(I); see U.S. EPA (1985-90) for
further information; must be non-negative.

EMTQCO(I) = This period's totd source emission rate of carbon monoxide in
grams per second; see U.S. EPA (1985-90) for further information; must be non-
negative.

EMTQH(I) = This period's total sensble hest emission rate in megawatts, can be
determined by total rate of fuel consumption times sensible heat released per unit
mass of fuel consumed, must be non-negative.

EMTQR(I) = Proportion of emissons subject to plume rise; if +1 .O, denotes all
emissions rise to the height predicted by plume rise equations for a stack (Briggs
1975), and undergo model dispersion processes initialy from that height only; if
zero, denotes no plume rise and dispersion is initidly from ground level only; a
positive fraction denotes the plume is initidly split between full plume height and
ground level; a negative fraction denotes that the rising proportion of smoke (as
expressed by the absolute value of EMTQR(D) is initidly uniformly distributed in
the verticad from ground level to the Briggs (1975) height, and then this uniform
vertica distribution is subjected to model dispersion processes as it moves
downwind, the remaining smoke is dispersed from ground level (eg., if -1.0, dl
gmoke isinitialy uniformly digributed in the verticd, if -0.5, hdf isinitidly
uniform and the other half starts from ground level); the valid range is -1 .0 to +1 .0;
a value of +0.6 is used by SFFLP (1976) and described by Lavdas (1978); an
unpublished andysis of the Lavdas data shows that a value of -0.75 yields an
improved fit.

END LQREAD BLOCK IF.

VSMOKE output is primarily generated to one file, VSMOKE.OUT. An end-of-
run message and any error diagnostics are also output to the screen. When
VSMOKE is run, any pre-existing data within VSMOKE.QUT are logt. If the
contents of VSMOKE.OUT are of continuing importance, archiving the output
data before another VSMOKE run is performed is necessary (eg. by copying the
contents of VSMOKE.OUT to another file).

In the PC environment, a “scratch” output file, VSMOKE.SCR, holds VSMOKE
results until the model run is virtualy complete. At the end of the run,
VSMOKE.SCR results are processed into the find output file, VSMOKE.OUT.
This dlows the program to use “column 1 FORTRAN printer processing’
commands to control output layout. Because “column 1" commands are not
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followed in the PC environment, an intermediate scratch file is used. As a scraich
file, VSMOKE.SCR should be treated as a “reserved file name.” Any pm-existing
file with that name will ordinarily be lost during a VSMOKE run.

The final output file layout is intended to facilitate the design of post-processor
prograns while maintaining an easy-to-read 132-column printout. Distinct
delimiters, readily detected either by eye or by automated post-processor, designate
ather a specific section of the output or a notice of an error condition. \When a
correctly formatted printout is generated, the delimiters double as page headers.
The line and column placement of output values is as consistent as is practicable,
depending on the values of only two LOGICAL input variables. A flag near the
end of the output file indicates the proper execution of the VSMOKE run. The flag
should reduce the chance of error in job streams that include VSMOKE output as a
component of further automated processing.

The following discussion describes how the output data in file VSMOKE.OUT is
organized (see fig. 14 for an outling). Output consists of three sections (1) an
echo-print of the input data read in by the model, (2) a period-by-period anayss,
and (3) a worst-case summary analysis constructed from the period-by-period
output. The length of the output is dependent on the input data. The length of the
echo-print section (one or more pages) depends on the amount of input data read
by the program and the characteristics of the host computer system and software
packages. The layout of the echo-print section is also processor dependent, but the
layout of the period-by-period and worst-case summary sections is controlled by
the VSMOKE program. Usudly, the mgority of VSMOKE.QUT data consists of
the period-by-period andlysis. Each anayzed period generates one page of output,
consisting of up to 6,800 characters. The worst-case summary generates the final
page, condsting of up to 4,200 characters.

The most important factor in the length of the overal output file is the number of
periods analyzed. Although this value is specified by the user, the number of
periods actually analyzed depends on the number of periods with significant
emissons (i.e, a period with few or no smoke emissions generates no direct
output). When running the maximum number of periods permitted (100),
VSMOKE has generated an output file of nearly 750,000 bytes.

In a few unusua stuations, the output format may vary from the outline (fig. 14).
When VSMOKE detects an error, a new finalpage is generated, giving a diagnosis
of the error condition. Should the input values for TFIRE, HRSTRT, HRNTVL,
and NPRIOD result in no modd smulation time occurring while the fire is
emitting a sgnificant amount of pollutant congtituents, no period-hy-period
anayss is generated. Should any individual period lack significant emissions of
any pollutant, no output is generated for that period. Findly, in the PC
environment, should problems occur in opening or writing the final output file,
VSMOKE.OUT, the pseudo-scratch output file, VSMOKE.SCR, is saved for user
inspection.
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Initid section:

An “echo-print” section of the data successfully read from the VSMOKE.IPT input file. This section is at least one
page in length and may be longer, depending on the amount of data read into the VSMOKE run. For example, if
the input value for number of periods is high, the echo-print section will be lengthy.

. Period-by-period section, one page for each analyzed period:

A. Emissions, weather, and other data used to determine the concentration and (optional) sightline estimates for
the given period.

B. Disperson Index and associated adjective.
C. Low Vighility Occurrence Risk Index and associated interpretation.

D. A table giving smoke impact variables with respect to 3 1 logarithmically-spaced downwind distances; each line
consists of data specifying the downwind distance, with other variables including:

1. Information about the rise or depth of the smoke plume.
2. Information about the horizonta and vertical crosswind extent of the smoke.

3. Pollutant congtituent concentration estimates (particulate matter and carbon monoxide) resulting from the
single fire plus background level.

4. Optiond single fire, dry weather crossplume visihility estimates, based on the input background particulate

matter concentration, the input contrast ratio criterion, the estimated plume characteristics at particular
downwind distances, and assumptions based on the work of Tangren (1982, 1985%).

5. Optional single fire dry weather contrast ratio estimates, determined in a manner similar to crossplume
vighilities and applicable for asghtline length equd to the input visihility criterion.

Worgt-case summary section, one fina page:
A presentation of the worst-case RH, DI, LVORI, pollutant congtituent concentrations, and optiona dry weather

crossplume visihilities and contrast ratios found in the period-by-period analysis. This is followed by a "run OK"
flag and an end-of-run message.

‘Personal  communication. 1985, CD. Tangren, mathematical dafistician, USDA Forest Service, Southeastern Forest Experiment Station, 320
Green Street, Athens, GA 30602

Figure 14—Outline of VSMOKE output file, VSMOKE.OUT




Interpretation

Error Handling

Section ; Echo-print-This section starts with Line 1 as a header which consists
of a series of colons (:), followed by program name and version number (eg.,
PROGRAM VSMOKE . VERSION 19950 128) where the verson number is in
yyyymmdd format, followed by a series of colons. The format of the rest of
Section 1 is dependent on the host system, because it is primarily generated by
FORTRAN 77 lig-directed output statements.

Section 2. Analysis for each period with significant emissons-The first line
of each page in Section 2 contains a header similar to Section 1; however, a series
of plus signs (+) replace the colons. In genera, NPRIOD period/pages appear in
Section 2. If the fire does not generate a least 1 microgram per second of either
particulate matter or carbon monoxide emissions in a given period, that period is
omitted. Therefore, Section 2 output may be entirdly omitted for a VSMOKE run
(eg., if TFIRE and/or HRSTRT are erroneoudy input, resulting in al periods
occurring before the start of the fire). Barring such unusua circumstances, the
line-hy-line output of each period appears as described in Appendix I11.

Section 3: Worst-case analysis for all periods with significant emissions--The
worst-case anaysis is condtructed entirely from the period-by-period analysis of
Section 2. Each variable is individualy considered. For example, the worst
particulate matter concentration 1 .O0O km downwind is not necessarily from the
same period as the wordt carbon monoxide concentration 10.000 km downwind.
The first line of the fina page contains a header similar to the headers used in other
sections, but a series of equas signs (=) replaces the colons or plus signs.
Following the wordt-case andysis, the fmal message in this section gives the vaue
of the program’s “run OK” flag and an end-of-run message. The vaue of the “run
OK” flag is aso output to the screen. When no erors are encountered, this
message is the only VSMOKE-controlled output to the screen. Barring unusua
circumstances, the line-by-line output of the wordt-case analysis appears as
described in Appendix I

In the case of errors with files or input data, the program will give diagnostic
messages and kill the run. A final page of output, in effect an Error Section with a
digtinctive header line to signa an error condition, is generated as described in
Appendix III. A brief error message is also output to the screen. The screen
message will aso inform the user if the pseudo-scraich output file,

VSMOKE.SCR, has been saved for inspection. If possible, the final output file,
VSMOKE.OUT, will be generated during the error handling process, obviaing the
need to keep the pseudo-scratch file.

Error conditions detected and handled by the host system may aso be encountered.
In these cases, the output to the files and screen will be host system dependent. In
case of processor-controlled errors, the pseudo-scraich output file,
VSMOKE.SCR, will probably be available for ingpection, while the final output
file, VSMOKE.OUT, may not have been opened when the error condition
occurred.
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Application Summary

The results of a VSMOKE run are primarily intended to give an overview of the
probable ar quality impact from a single forestry-prescribed fire. The effects of a
user-specified uniform background level of pollutants are included in the
VSMOKE  estimates. Because the physics of ground fires in genera are
sufficiently similar to that of forestry-prescribed fires, VSMOKE can be used to
edtimate ar quality impact from sources such as wildfires, agricultura burns, and |
other ground-based open combustion  sources.

VSMOKE smoke concentration estimates are applicable a ground level aong the
downwind centerline of the smoke trajectory. No atempt is made in VSMOKE to
geometrically specify the trgjectory of the smoke. The direction of smoke transport
must be determined independently. Allowance must be made for both the
horizonta width of the smoke plume and the variability and uncertainty associated
with wind direction. The width of the smoke plume depends on hoth the area of
the smoke source and the horizontal dispersion of smoke.

Table 2 presents the horizontal “spread angles’ of the plume for which the
concentrations of a point source fal to 0.1 times the centerline value. The spread
angles are a function of stability class and downwind distance. VSMOKE output
displays the stability class (ISTAB) used during each anaysis period in the tabular
information in the top one-fifth of each andysis period/page. The VSMOKE
downwind distance dependent tabular output in the lower two-thirds of each
anaysis period/page adso includes estimates of the horizontal dispersion
coefficient, oy, with respect to downwind distance for each analysis period. For a
point source, smoke concentrations from a fire will fal to 0.1 times the centerline
value a approximately 2.15 times the value of oy to either side of the centerline.
The refationship for a finite line source is more complex but may be approximated
as a horizontal displacement of 0.5 times E; pg plus 2.15 times g, to achieve a fall
to 0.1 times the centerline value, where Ejpg iS the effective line length of the
pollution  source. By is displayed in the tabular information in the top one-fifth
of each andysis period/page.

To account for wind variations and fluctuations, the user must adlow for the
probability that concentrations and vishilities smilar to VSMOKE centerline
estimates will occur a considerable angles to the nomina smoke trgectory. At a
minimum, an assumption that the centerline concentrations could occur 30° to
gther sde of an observed steady downwind direction is required, as has been
recommended by SFFLP (1976) and Wade and Lunsford (1989). A recent study
of wind direction persistence and forecast accuracy (Lavdas 1993) indicates that at
Macon, GA, the probability of the wind maintaining a direction within 30° on an
hour-to-hour basis is only 71 percent. Of course, wind direction is even less
consistent with forecasts. Because the National Westher Service forecasts are
given to only eight compass points (i.e, northeast, east, southeast, south,
southwest, west, northwest, and north), a forecast can never be more precise than

within plus or minus 22.5". Moreover, the Lavdas (1993) study found that early
morning forecasts were “correct” only 37 percent of the time and were “off by only

one category” an additional 40 percent of the time.
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Frequently a night, wind direction may be inconsistent, or a forecast may specify
“near calm" or “light and variable’ wind. Smoke can dtill be carried significant
distances by light wind currents under such regimes. For instance, an NWS
anemometer will not turn until the wind reaches about 3 knots - fast enough to
transport smoke over 50 km (more than 30 miles) during a night. In these cases,
concentric circles about the fire site are the only reasonable basis for setting
geometrically based criteria for smoke management decisions. Use of concentric
circles is aso required for stronger windspeeds with highly variable directions and
for any management Stuation where wind direction behavior is uncertain.

VSMOKE smoke concentration estimates are given for particulate matter and
carbon monoxide a 3 1 logarithmically spaced downwind distances, ranging from
0.1 to 100 km (table 6). The concentration estimates apply a ground level adong
the centerline of the smoke trgectory and include the user input background
concentration values. Particulate matter in VSMOKE is “generic,” i.e, it may
include al tota suspended particulate matter or only a portion of the totd (eg.,
PM10 - particulate matter of 10 micrometers (um) diameter or less, or PM25 .
particulate matter of 2.5 pm diameter or less), as reflected by the user's input
values for input background concentration aray, BKGPMA, and the emission
factor for the fire, EFPM, or the emission rate array, EMTQPM. Thus, the user
determines whether the VSMOKE particulaie matter concentration analysis applies
to totl suspended particulate matter, PM10, PM25, or some other fraction of
particulate  matter.

VSMOKE particulate matter concentration estimates are given in micrograms per
cubic meter, the same units currently used to defme the National Ambient Air
Qudity Standards (NAAQS) for PM10Q. The short-term NAAQS standards are the
most applicable to prescribed fire analyses using VSMOKE. The shortest term
NAAQS standard for PM10 is 150 pg mr®, averaged over a 24-hour period, not to
be exceeded more than once a year. Even if VSMOKE estimates of PM10
concentrations are in excess of the NAAQS 24-hour average standard, that
standard may dtill be met by the analyzed fire. The geometric locations
experiencing centerline smoke concentrations will often change during the course
of a burn. Moreover, many, if not most, prescribed fires will not affect air quality
for a full 24-hour period.

However, NAAQS vaues are not specificaly designed to safeguard roadway
safety. A smoke impact remainingWithin the PM10 NAAQS limits may cause a
relatively short-lived, but severe, impact on roadway vishility, even if the relative
humidity is less than 70 percent. For example, a fire causes a 6,000 pg m* PM10
concentration for 30 minutes, but then the smoke goes elsewhere, the fire goes
completely out, or both, leaving a background of 20 pg m? for the rest of the day.
The 24-hour average concentration would be less than 150 pg m?®, but the peak
concentration could be high enough to cause a significant vishility hazard. In
humid conditions, hazardoudly low vighilities are highly probable with much lower
PM 10 smoke concentrations.
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VSMOKE carbon monoxide (CO) concentration estimaies are given in parts per
million with respect to mass per unit volume of CO and the total amospheretthe
same units currently used to define the NAAQS standards for CO. The shortest
term NAAQS standards for carbon monoxide are 9.0 ppm for an 8-hour average
and 35 ppm for a |-hour average. Near sea level, these values nominaly

correspond to 10,000 and 40,000 pg m?® These standards are designed to keep the
proportion of CO within the blood of exposed persons below 2 percent.

Assuming that redlistic background and emission factors for both particulate
matter and carbon monoxide are input, concentration estimates for PM10 will more
readily exceed the NAAQS standards than CO estimates in most Stuations. Fires
involving organic soils may be an exception. When most combustion in an organic
soil fire is glowing or smoldering, the emission factor for CO may greatly exceed
that for any of the regulated size classes of particulate matter. An organic soil fire
can pose a threat as great or greater to the NAAQS CO standards than to the

PM10 standard.

The downwind dependent crossplume vishility and contrast ratio estimates, which
optionally accompany the tabular smoke concentration estimates, are applicable
only if the relative humidity is less than 70 percent. At higher humidities, the
likelihood of smoke particle size growth resulting from condensation of water
vapor increases—thusthe scattering and extinction capabilities of individual
smoke particles can greatly increase. As relative humidity values approach
saiuration (i.e, approach 100 percent), the probability of dense fog occurrence
greatly increases. Such fogs can be triggered by the presence of only a relatively
modest concentration of smoke. The LVORI can be used as a measure of the
overal likelihood of smoke problems on a roadway, but must be considered with
sightline estimates to evaluate the potentid hazard of an individud fire

Even in low humidity conditions, VSMOKE crossplume sightline estimates must
be evaluated with care. The relationship between overdl paticulate matter
concentrations and light scattering and extinction coefficients iS subject to enough
variation to cause erors in visua obscuration estimates of about a factor of 2.
Therefore, a given VSMOKE visihility estimate could occur with associated
overdl particulate matter concentrations as little as one-haf (or as much as 2)
times the given vaue. Moreover, VSMOKE visihility estimates are dependent on
the input contrast ratio criterion, CCOCRT. Under certain conditions, a small
change in the input value of CCOCRT can result in a considerable change in the
crossplume vishility estimate for a given downwind distance. For example, a
smoke plume may be dense enough to reduce contrast to a vaue just above the
criterion-i.e, an individua with eyesight maching the criterion will just be able
to see through the plume. If the background amosphere is very clean, objects
beyond the plume will be dimly visble for a considerable distance beyond the
plume  boundaries. A less keen-eyed observer may not be quite able to see through
the plume. A criterion contrast ratio set to match that observer's eyesight would
result in @ much lower visihility estimate.
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The VSMOKE crossplume contrast ratio estimates are provided for two reasons.
Fird, they are to dert the user to the sengtivity of vighility esimates. A contrast
ratio estimate just above the criterion value should be weighted more heavily as a
potential hazard indicator than an accompanying visihility estimate that falsely
seems to provide an ample margin of safety. Second, roadway safety may be as
comparably dependent on the ahility to see the relevant portion of the roadway
panorama clearly as the ability to dimly see an individua potentia roadway
hazard. In any case, the ability of the simple VSMOKE optical parameter
caculations to characterize driving visibility appear limited, perhaps very limited
a night. A conservative approach in specifying the input criteria for contrast ratio,
CCOCRT, and vishility, VISCRT, and in interpreting the output visibility and
contrast ratio tables is strongly recommended for al roadway-oriented VSMOKE
applications.

The DI estimates from VSMOKE have a wider application than most of the other
output. As an aeawide, multiple-prescribed fire smoke management tool, DI
represents an area source of about 3 1 by 3 1 miles (or roughly 1,000 square miles).
However, it may be applied successfully to somewhat larger areas experiencing
uniform weather conditions or to areas as smal as 5 by 5 miles with little
digtortion in its description of the atmosphere's relative dispersive capacity.
Digpersion Index does not apply to conditions within the plume of any one
pollution source. Thus, DI should be used as a supplement to, not a subgtitute for,
the single fire VSMOKE analysis.

The LVORI edimates from VSMOKE may be applied to either single or multiple
fire ar qudity/traffic hazard management problems. Low Visibility Occurrence
Risk Index is the only VSMOKE vishility andyss tool that can be currently
aoplied without modification in humidities greater than or equa to 70 percent.
However, LVORI should be used with caution until it can be corroborated by an
independent data set, paticularly in areas with a climatic regime significantly
different from that of Forida

VSMOKE is a computer program that evolved over many years and is based on the
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this document, and C. Wayne Adkins, dso of the USDA Forest Service, for his
assstance in preparing the figures.

89




Literature Cited

Abramowitz, Milton; Stegun, Irene A. 1972. Handbook of mathematical functions with formulas,

graphs, and mathematical tables, 10th printing. Washington, DC: U.S. Department of Commerce,
Nationd Bureau of Standards. 1060 p.

American National Standards Institute, Inc. 1978. American nationd standard programming
language FORTRAN. ANS X39.1978. New York. 428 p.

Brlggs, Gay A. 1969. Plume rise. Oak Ridge, TN: U.S. Atomic Energy Commission. 81 p.

Brlggs, Gary A. 1972. Discussion: Chimney plumes in neutrd and stable surroundings.
Atmospheric  Environment  6:  507-510.

Brigga, Gary A. 1975. Plume rise predictions. In: Lectures on Air Pollution and Environmental
Impact Andyses Chepter 3. Boston, MA: American Meteorological Society: 59-111.

Briggs, Gary A. 1988. Andyss of diffusion field experiments. In: Venkatram, A,; Wyngaard, J.C.,
eds. Lectures on Air Pollution Modeling, Chapter 2. Boston, MA: Ameican Meteorologica
Society: 63- 17.

Buck, Arden L. 198 1. New equations for computing vepor pressure and enhancement factor.
Journd of Applied Meteorology 20: 1527-1532.

Busse, Adrian R; Zimmerman, John R 1973, Use''s guide for the climatologica dispersion
model. EPA-450/2-78-027 OAQPS No. 12-080. Research Triangle Pak, NC: U.S.
Environmental Protection Agency. 13 1 p.

Catalano, Joseph A. 1987. Addendum to the user's manua for single-source (CRSTER) model.
EPA/600/6-86/041, Rescarch Triangle Pak, NC. U.S. Environmenta Protection Agency. 140 p.
[Available from NTIS, 5285 Port Royd Road, Springfield, VA 22161, PB87-145483.]

Chi, C.T.; Horn, D.A.; Reznik, RB. [and others] 1979. Source assessment: prescribed burning,

sate of the at. EPA-600/2-79-019h. Rescarch Triangle Park, NC:. U.S. Environmenta Protection
Agency. 120 p.

Fox, Douglas G. 1981 Judging ar quality model performance. In: Summay of the AMS workshop
on dispersion model performance; 1980 September 81 1. Woods Hole, MA. Bulletin of the
American  Meteorologicd  Society  82(5):  599-609.

Gifford, Frank A. 1961. Us of routine meteorological observations for estimating atmospheric
dispersion. Nuclear Safety 2(4): 475 1.

Hanna, Steven R; Brigga, Gary A.; Hosker, Rayford P. Jr. 1982. Handbook on atmospheric
diffuson. DOE.TIC-11223. O Ridge, TN: US. Depatment of Energy, Technica Information
Center. 108 p. [Avalable from NTIS, 5285 Port Royd Road, Springfield, VA 22161,
DE82002045.]

[rwin, John S 1983. Estimating plume disperson = A compaison of severd sigma schemes. Journd
of Climate and Applied Meteorology 22: 92-114.

[rwin, John S.; Chico, Thomas, Catalane, Joseph A. 1985 CDM 2.0—Climatological dispersion
model, use’'s guide. EPA/600/8-85/029. Research Triangle Park, NC: U.S. Environmental
Protection Agency. 151 p. [Avalable from NTIS, 5285 Port Royad Road, Springfield, VA 22161;
PB86-136546.]

Lavdas, Leonidas G. 1974. Synoptic features related to heavy fog in coasta Georgia In: Preprints
of the 5th conference on weather forecasting and andyss;, 1974 March 4-7, St Louis, MO.
Boston, MA: American Meteorologicd Society:  250-256.

90




Lavdas, Leonidrs G. 1978. Plumerisefrom prescribed fires, I n: Preprintsof the 5th conference on
fire and forest meteorology; 1978 March 14-16; Atlantic City, NJ. Boston, MA: American
Meteorological ~ Society:  88-91.

Lavdas, Leonidrs G. 198 1. The relaionship between surface weather conditions and the nocturnal
invesion a Medford, OR. In: Proceedings of the 2nd conference on mountain meteorology;
1981 November 9-12, Steamboat Springs, CO. Boston, MA: American Meteorological Society:
270-275.

Lavdas, Leonidas G. 1982. A day/night box model for prescribed burning impact in Willamette
Valley, OR. Journa of the Air Pollution Control Associgtion 32: 72-76.

Lavdas, Leonidas G. 1986. Au amospheric dispersion index for prescribed burning. Res. Pap. SE-
256. Asheville, NC. U.S. Depatment of Agriculture, Forest Service, Southeastern Forest
Experiment Station. 33 p.

Lavdas, Leonidas G. 1993. Wind direction persstence and forecast for accuracies for fire and

smoke management. In: Proceedings of the 12th conference on fire and foret meteorology; 1993
October 26-28; Jekyll Idand, GA. Bethesda, MD: Society of American Foresters.

Lavdas, Leonidas G.; Hauck, Charles A. 1991. Climatology of selected prescribed fire highway
safety parameters for Florida. In: Proceedings of the 1 Ith conference on fire and forest
meteorology; 1991 April 16-19; Missoula, MT. Bethesda, MD: Society of American Foresters.
564-571.

Middleton, W. E. Knowles 1968. Vision through the amosphere. 4th Printing. Toronto, Canada
University of Toronto Press. 264 p.

National Wildfire Coordinating Group 1985. Prescribed fire smoke management quide, 420-.
NFES No. 1279. Boise, ID: Boise Interagency Fire Center. 34 p.

Pasquill, F. 1961. The estimaion of the dispersion of windbome materid. Meteorologicd Magazine
90: 33-49.

Pasquill, F. 1974. Atmospheric diffusion. 2nd ed. New York: Wiley & Sons. 440 p.

Pasquill, F. 1976. Atmospheric dispersion parameters in Gaussian plume modeling « part Il: possible
requirements for change in the Tumer workbook vaues. EPA-600/4-76-030B. Research Triangle
Park: NC: U.S. Environmental Protection Agency. 44 p.

Petersen, William B.; Lavdas, Leonidas G.1986. INPUFF 20 « a multiple source Gaussian puff
dispersion agorithm « user's guide. EPA/600/8-86/024. Rescach Triangle Pak, NC:. U.S.
Environmental Protection Agency. 118 p. [Available from NTIS, 5285 Port Royal Road,
Springfield, VA 22161, PB86-242450.)

Petersen, William B.; Rumsey, E. Diane 1987. User's guide for PAL 2.0, a Gaussian
plume-adgorithm for point, area, and line sources. EPA/600/8-87/009. Rescarch Triangle Park,
NC: US. Environmentad Protection Agency. 9 p. [Avalable from NTIS 5285 Port Royal Road,
Springfield, VA 22161, PB87-168787.]

Sandberg, D.V.; Peterson, J.L. 1984. A source strength model for fires in coniferous logging slash.
Pacific Northwest International Section Paper 84-20. In: Proceedings, 21st annual meeting of the
Air Pollution Control Association; 1984 November 12-14; Portland, OR Pittsburgh, PA: Air
Pollution Control Association. 10 p.

Seigneur, Christian; Johnson, Clark D.; Latimer, Douglas A. [and others] 1984. User's manual
or the plume Visibility model (PLUVUE II). EPA-600/8-84-005. Research Triangle Pak, NC:

91




U.S. Environmental Protection Agency. 347 p. [Availablefrom NTIS, 5285 Port Royal Road,
Springfield, VA 22161; PB84-158302.]

Southern Forest FireL aboratory Per sonnel. 1976. Southern forestry smoke management
guidebook Gen. Tech. Rep.SE-10. Asheville, NC: U.S. Department of Agriculture, Forest
Savice, Southeastern Forest Experiment Station. 140 p.

Sutton, O.G. 1947. Thetheoretical distribution of airborne pollution frem factory chimneys.
Quarterly Journal of theRoyal Meteorological Society 73: 426-436.

Tangren, CharlesD. 1982. Scattering coefficient and particulate matter concentrationin forest fire
smoke. Journa of the Air Pollution Control Association 32: 729-732.

Taylor, G.I.1921. Diffusion by continuous movements. In: Proceedingsof the London
Mathematicd Society. Series 2, vol. 20: 19.

Turner, D. Bruce 1964. A diffusion model for an urban area. Journal of Applied Meteorology
3 839L

Turner, D. Bruce 1970. Workbook of atmospheric dispersion estimates. AP-26. Research Triangle
Park, NC: U.S. Environmental Protection Agency, Officeof Air Programs. 84 p.

U.S. Environmental Protection Agency 1977.User’ smanual for thesingle source (CRSTER)
model.EPA-450/2-77-013. Research TrianglePark, NC: U.S. Environmental Protection Agency.
Approx 355 p. [Availablefrom NTIS, 5285 Port Royal Road, Springfield, VA 22161; PB 271-
360.1

U.S. Environmental Protection Agency 1985; 1988; 1990. Compilation of air pollutant emission
factors. Val. I: Stationary Point and AreaSources, U.S.EPA-42, 4th ed. (1985); also Supplement
B, Chapter 11 . Miscellaneous Sources, p. 11.1-1 to 11.1-6 (1988); and Supplement C, Chapter 11
-Miscellaneous Sources, p. 11.L7t0 11.1-12 (1990).

U.S. Environmental Protection Agency 1986. Guideline on air quality models (revised).
EPA-450/2-78-027R. Research TrianglePark, NC: U.S. Environmental Protection Agency. 290p.
[Availablefrom NTIS, 5285 Port Royal Road, Springfield, VA 22161; PB86-245248.]

U.S. Environmental Protection Agency 1987. Supplement A to the guideline on air quality models.
EPA-450/2-78-027R. Research TrianglePark NC: U.S. Environmental Protection Agency. 21p.

Venkatram, Akula; Wyngaard, John C., ed. 1988. Lectures on air pollution modeling. Boston,
MA:AmericanMeteorological Society.399p.

Wackter, D.J.; Foster, J.A. 1986. Industrial source complex (ISC) dispersion model user’s guide-
Second Edition, Volumel & I Appendices. EPA-450/4-86-005a&b. Research TrianglePark, NC:
U.S. Environmental Protection Agency. 255& 285 p. [Availablefrom NTIS, 5285 Port Royd
Road, Springfield, VA 22161; PB86-234259 & PB86-234267.]

Wade, DaleD.; Lunsford, JamesD. 1989. A guide for prescribed fire in forests. Tech. Pub. R8-
TP22.Atlanta, GA: U.S. Department of Agriculture, Southern Region. 60p.

92




Appendix I—
Input Hints

Line 1 variable

Line 2 variable

Input hints—
Line 3 variables

VSMOKE requires values for numerous input variables. Some are quite
specidized, a few are unique to this model. In addition, VSMOKE estimates of
concentration and visibility can be senstive to input values, sometimes in ways not
obvious to any but the most experienced users. Findly, some VSMOKE input
vaiables are deliberately designed to alow running of multiple scenarios. This
design alows for uncertainties in the scientific knowledge of fire behavior and
chemigtry, fire interaction with the atmosphere, dispersion and other
meteorological processes, optics, and psycho-physical perception. These model
characterigtics dictate that considerable thought be given to determining input
values. The following suggestions are not comprehensive but give the user a basis
for determining appropriate input for and uses of VSMOKE.

In generd: When the user believes a range of values is likely for any input
varidble, the sensitivity of VSMOKE output variables dictates that the user test for
al extremes and representative mid-range values of each variable, thereby alowing
the behavior of VSMOKE to be appropriately displayed.

NLPAGE: INTEGER. Number of lines per page of output, restricted to the range
60 to 66. Any value in this range that maiches the host system parameters and
redtrictions may be used.

KTITLE: CHARACTER*72. The input vaue need not fill al 72 postions; any
remaining postions traling the input vaue are blank filled. This variable is
purposely left open-ended, alowing adaptation to a wide range of filing or
bookkeeping systems. Files VSMOKE.IPT, VSMOKE.SCR, and VSMOKE.OUT
are intended to be used only as working files. The user who anticipates

maintaining a library of input and output files should probably incorporate the
library file name or other digtinctive code within KTITLE to help identify and
ensure the integrity of each file.

ALAT, ALONG, TIMZON: REAL. In addition to alowing the program

to determine stability class if needed, these variables serve a useful bookkeeping
function. If VSMOKE is ever integrated into a System containing automated
weather input data, these variables might be necessary to help determine local
weather from a large data base. The user should be aware that limited error
checking is performed on these variables. Because VSMOKE can be used at any
location, including those with changing or unusua time zone conventions (eg.,
near the international dateline or in areas with a fractiona hour time zone), some
vaues of ALONG and TIMZON that may appear erroneous at first glance are
accepted into the program. The vaid range for ALAT is -90.0 to +90.0; for
ALONG, -2400 to +240.0; and for TIMZON, -180 to +18.0.

IYEAR, MO, IDAY: INTEGER. Used in determining stability class if needed,
these variables are dso useful for bookkeeping purposes. No eror checking is
performed. Care should be taken to ensure consistency with input values of
NPRIOD, HRSTRT, HRNTVL, and TFIRE. Like the location items, these
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variables may aso be required if VSMOKE is integrated with a largerweather data
base.

NPRIOD: INTEGER. Error checking is used to ensure a vaue from 1 to 100. A
large value will result in longer execution times and a lengthier output file. Too
smal a value may result in missing the period of greatest fire impact.

HRSTRT: REAL. Input in decima hours on a 24-hour clock basis (eg., 12:01
am. is 0.0167, 7:30 am. is 7.5, 2:45 pm. is 14.75), HRSTRT is referenced to and
linked with IYEAR, MO, and IDAY. When NPRIOD is st to 1, the only analysis
time is a HRSTRT. The vaues of IYEAR, MO, IDAY, NPRIOD, HRSTRT,
HRNTVL, and TFIRE must be properly linked. No error checking is performed.
Vaues should normally be within the range 0.0000 to 23.9999.

HRNTVL: REAL. Input in decima hours, HRNTVL is added to HRSTRT for
period 2, and added again for each subsequent NPRIOD. HRNTVL should be
correctly linked with IYEAR, MO, IDAY, NPRIOD, HRSTRT, and TFIRE.
HRNTVL should be smal enough to alow anadysis of the life cycle of the fire,
smoke emissions, and weather conditions during each period of interest. Setting
HRNTVL between 1 and 3 hours should yield satisfactory results from a
meteorological  standpoint for most prescribed fire Stuations in the Eastern United
States. A shorter analysis interval (perhaps 0.1 hour) might be appropriate for
short-lived or rapidly changing fires. HRNTVL is not used if NPRIOD is 1,
dthough a value must be provided. For NPRIOD greater than 1, error checking
ensures a value of a least 0.0001 hours (i.e, 5/18 seconds).

LSTBDY: LOGICAL. LSTBDY should be st to true only if stahbility class is
included among the period-by-period data in the input file. The value of LSTBDY
has little effect on VSMOKE run times.

LQREAD: LOGICAL. LQREAD should be set to true only if paticulate matter
and carbon monoxide emission rates, total sensble heat emission rate, and
proportion of emissions subject to plume rise are included in the period-by-period
data in the input file. The value of LQREAD has little effect on VSMOKE run
times. \

LSIGHT: LOGICAL. LSIGHT should be set to true whenever crossplume
sghtline estimates are required (i.e, when quantitative crossplume visihility and
contrast ratio will be estimated). Setting LSIGHT to false when such estimates are
not required can shorten run times by about a factor of 3.

CCOCRT: REAL. A vaue of 0.02 has been used for determining airport runway
visud range, but this may be too low a contrast ratio for every licensed driver to
recognize a hazard. Scattering of light may aso prove to be more critical for night
driving than for many Stuations faced by arcraft pilots. A vaue of at least 0.05
may be required, and some driving Stuaions involving glare, various kinds of
driver impairment, or both may require a much higher value, perhaps 0.25. An
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Input hints—
Line 4 variables

appropriate value of CCOCRT is best determined by specific research studies and
consultation with such agencies as the National Highway Traffic Safety
Administration. To dlow for mathematical testing and unforeseen applications,
VSMOKE permits a range of vaues from 0.000001 to 0.999999. Low values
relate primarily to target identification; higher ones relate to the quality of view
dong the crossplume sightlines. The latter permits experimenta use of VSMOKE
for assessing smoke impact on scenic vistas. The user should ensure that the
values of CCOCRT and VISCRT are in the proper relationship-acceptable
vighility in VSMOKE is defined by maintenance of a contrast ratio of CCOCRT or
more over a sightline length of a least VISCRT.

VISCRT: REAL. Vaues ranging from 107 miles (about 0.16 mm) to 9999.99
miles are permitted in VSMOKE. Much of this range should be reserved for
mathematically exercisng the modd. VISCRT should ordinaily be related to
specific traffic safety variables such as safe stopping distance. State traffic safety
agencies often cite a criterion value of 500 feet (0.0947 miles). Qther reasonable
vaues might include 0.125,0.25,0.5, and 1 .O miles. Visud sightlines of more
than a mile might be required in some cases, including arcraft operations.
Protecting scenic vistas would typicaly require values of severd to many miles.
The user should ensure that the values of CCOCRT and VISCRT are in the proper
relationship-acceptable vishility in VSMOKE is defined by maintenance of a
contrast ratio of CCOCRT or more over a sightline length of a least VISCRT.

ACRES. REAL. VSMOKE assumes a square area of smoke emissions,

but generates a line source of length equa to the square root of ACRES a the
downwind edge of the area. Implicitly, rotation of the area is performed by
VSMOKE in case of wind shift. ACRES should ordinarily be equa to the area
generating smoke emissions during the period of interest-generaly equa to the
area burned during a given fire. A lower value of ACRES may be necessary to
account for “trouble spots’ within a large burn area if smoke-sensitive receptors
are close. With a lower value of ACRES, TONS (if LQREAD=FALSE) or
EMTQPM, EMTQCO, and EMTQH (if LQREAD=TRUE) should aso be reduced
correspondingly, and the effects from the remainder of the burn area should be
determined by adding the results of a second VSMOKE run. If the fire is to be
evaluated as a point source, ACRES should be set to zero or a negative value.
Point source modeling generally results in the most conservative estimates of
centerline plume characteristics. Downwind concentration estimates close to a fire
in VSMOKE are only moderately senstive to ACRES and decrease with the
square root of ACRES.

TONS: REAL. Defined as the totd mass of fuel consumed by the fire within the
complete burn area during the total period of analysis. TONS is used only if
LQREAD is st to FALSE. If used, TONS must be non-negative. Past resources
such as SFFLP (1976) generaly used tons per acre to characterize fuel loading
avallable for fire consumption. TONS is usualy around three times ACRES for

understory litter reduction burns. TONS can range as high as roughly 100 times
ACRES for tracts with large piles of forest fuels.

95




EFPM: REAL. Documented particulate matter emission factors for southern
forest fuels range from about 15 pounds per ton for dry, highly aerated fuel, such
as grass, to as much as 200 pounds per ton for some poor combustion smoldering
situations. The work of SFFLP (1976) was based on tota suspended particulate
matter (TSP), while the latest (1990) Clean Aii Act defines particulates by particle
size. For most forestry smoke andysis, emission factors for TSP may be regarded
as roughly equivalent to those for PM10 (i.e, paticulate matter of diameter 10
micrometers (pm) or less). EFPM is used only if LQREAD is st to FALSE. If
used, EFPM must be non-negative.

EFCO: REAL. Emission factors for carbon monoxide have been cited by SFFLP
(1976) as ranging from 20 to 500 pounds per ton in southern forest fuels. Relative
to the ar quality standards in the Clean Air Act, carbon monoxide emissions are
usualy of secondary concern = PM10 standards will likely be broken before CO
standards are approached. To illustrate, the current |-hour and 8-hour average CO
NAAQS standards are nomindly 40,000 and 10,000 pg m®, respectively; the
current 24-hour average PM10 NAAQS standard is 150 pg m™. One exception is
important: ~ smoldering organic soils can emit very high amounts of CO and low
amounts of particulates. Because organic soil combustion poses an extreme
hazard, carbon monoxide anaysis is provided in VSMOKE. EFCO is used only if
LQREAD is st to FALSE. If used, EFCO must be non-negative.

THRE: REAL. Linked to IYEAR, MO, and IDAY, TFIRE (like HRSTRT) is
input in decimal hours. The user should ensure that linkage between NPRIOD,
HRSTRT, HRNTVL, and THRE is correct. The model simulation clock time for
any given period is determined by the relationship, TSIM = HRSTRT + (IPRIOD -
1) * HRNTVL, where TSIM is current model time in decima hours and IPRIOD is
current model period under analysis, with IPRIOD ranging from 1 to NPRIOD.
Any lack of precison in red aithmetic within the user's host system can cause
unexpected results in the relationship between TSIM and TFIRE. The most
griking of these occurs when TSIM is calculated to be just less than TFIRE while
the user is expecting an exact match. For example, HRSTRT = 11 .0, HRNTVL =
10, NPRIOD = 3, and TFIRE = 12.0 may result in concentration estimates for the
last period only, because TSIM could be interndly represented as 11.999... during
IPRIOD = 2, when a vaue of 12.0 is intended. This problem did not occur when
VSMOKE was run in environments that used the 80387 math co-processor or
equivalent; however the problem has occurred on other systems. A smdl margin
(perhaps 0.0001 hours) should be built info the input value of HRSTRT or TFIRE
if this problem is encountered or anticipated.

THOT: REAL. Input in decima hours, THOT expresses the duration of the
period beginning at time, TFIRE, when the heat of the fire causes an active
convection column with significant plume rise for a substantid proportion of
emissons.  After time, TSIM = TFIRE + THOT, any continuing emissons of the
fire are restricted to ground-level-based dispersion. For lines of fire, an estimate of
THOT may be obtained by dividing the rate of spread into the distance that the line
of fire must cover. For piled debris fires; THOT should probably be used to
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characterize the period of active flaming while RFRC or EMTQR should be used
to help characterize any period when the appearance of the smoke column indicates
both flaming and smoldering processes. Slight mathematical processor errors in
model time calculations can cause unexpected results in some systems. This
problem occurs if the calculated model time, TSIM, causes a given period to be
just inside or outside of the convective period when the opposite result is expected.
THOT is used only if LQREAD is set to FALSE. If used, THOT must be non-
negative and less than TCONST.

TCONST: REAL. Input in decima hours, TCONST expresses the duration of the
period, beginning a time TFIRE, when the total emission rate of the fire may be
regarded as congtant. For lines of fire, TCONST will probably be equa to or
dightly greater than THOT. For piled debris, emissons from smoldering can be
high enough to cause TCONST to exceed THOT by a substantia amount (Lavdas
1982). Slight mathematical processor errors in model time calculations can cause
unexpected results in some systems. This problem is most likely to cause
substantial errors a the end of the period of constant emissions and could be
significant for a given period if TDECAY is set to zero or is much smaller than
HRNTVL. TCONST is used only if LQREAD is set to FALSE. If used,
TCONST must be non-negative and greater than or equal to THOT,; aso,
TCONST + TDECAY must exceed zero.

TDECAY: REAL. Input in decimal hours, TDECAY expresses the decay
constant for exponentid decay of totd emisson rate of the fire, beginning at time,
TBGDCY = TFIRE + TCONST. Emission rate a any time a and after TBGDCY
is expressed as: ERDCAY’ = ERPEAK * exp ((TSIM - TBGDCY) / TDECAY),
where ERPEAK is the “peak” emission rate of the fire which occurs a time
TBGDCY, and TSIM is the current model time in decima hours. For each
TDECAY hours after time = TFIRE + TCONST, the totd emission rate of the fire
is reduced by a factor of e (becomes about 0.37 of its value at the start of the
TDECAY period). TDECAY is closely related to the concept of “haf-life” The
half-life of emissons after time = TBGDCY is about 0.693 * TDECAY.

TDECAY is probably no more than 1 hour (and can be much less) for light fuels
such as pine needles, grass, and low brush. In aggregate, TDECAY has been
found to be about 4 hours for burning activity near the Willamette Valley, Oregon
in the late 1970's (Lavdas 1982). For organic soils, TDECAY can be large enough
to make the decay concept moot. Such a fire is better characterized by daly runs
of VSMOKE that assume constant emissions for each day. TDECAY is used only
if LQREAD is set to FALSE. If used, TDECAY must be non-negative and
TCONST + TDECAY must exceed zero.

LGRISE: LOGICAL. LGRISE should be set to true in most cases. Setting it to
fase can cause underestimates of plume impact near the fire. This setting causes
immediate attainment of find plume height, and is useful primarily when
comparing VSMOKE results with models that do not use gradual plume rise, such
as INPUFF, verson 20 (Petersen and Lavdas 1986). LGRISE has little effect on
run time.
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I nput hints—
Meteorological  period-by-
period variables

RFRC:. REAL. This is a rather complex and unique variable, with acceptable
input range from -« 1 .0 to + 1,0. The absolute value of RFRC expresses the
proportion of emissons subject to plume rise. A postive vaue places the plume
rise proportion a the Briggs (1975) plume height for each caculated downwind
distance in the model; a negative vaue uniformly distributes the smoke from the
ground to the Briggs plume height. The remaining proportion is placed a the
ground. A vaueof +1.0 or « 1.0 means al smoke is subject to plume rise; a value
of 0.0 means no smoke rises. Once the distribution due to RFRC is s, both
proportions are subject to initid dispersion (as input) and transport-related
dispersion processes. By using a postive input value, RFRC accommodates the
concept of “split plume rise” discussed in SFFLP (1976) and Lavdas ( 1978).
Seting RFRC to 0.6 causes VSMOKE to conform to the assumptions given by
SFFLP  (1976). Setting RFRC to 1 .0 causes complete plume rise, alowing
VSMOKE to conform to industrid stack oriented models such as CRSTER (U.S,
EPA 1977). A vaue of zero inhibits al plume rise, resulting in very conservative
estimates of plume impact. Negative vaues of RFRC activate the initialy
verticaly uniformly distributed approach, which implies that the smoke forms a
uniform “curtain” from ground to plume height, and any remaining smoke is
dispersed from ground level. For low intensity prescribed forest fires, as described
by Lavdas (1978), either + 0.60 or - 0.75 is suggested for RFRC. The -0.75 value
is based on an unpublished reanalysis of arcraft data (Lavdas 1978) which
resulted in a dight improvement in concentration estimates nearest the ground and
a consgderably better match to the observed verticd smoke profiles. RFRC is used
only if LQREAD is st to FALSE.

Unless otherwise indicated, each of these variables is stored in arays.

NUMDWX: INTEGER. Neither stored in an aray nor otherwise used after it is
reed into VSMOKE, NUMDWX helps in bookkeeping the weather input data
Only the host-system-dependent limitations for a list-dlirected read of an integer
varidble congdrain its use. One convenient approach involves specifying date and
time for the weather data that follows on the same line, eg., NUMDWX =
19970715 16 Sgnifies 16 hours, 15 July 1997. The year-month-date-hour order is
convenient when mathematical sorting is used to congtruct the data set.

TTA, PPA: REAL. These variables are used in VSMOKE only to perform
mathematical operations between carbon monoxide emissions and concentrations.
If CO concentrations are not significant, default values may be forced by inputting
a vaue less than - 459.0 F for TTA and less than 0.1 mb for PPA. For PPA, the
actud (i.e. station) pressure rather than sea level pressure should be used.

IRHA: INTEGER. This variable must be determined from weather observations
or forecasts applicable for the time and place of analysis. Vaues from 0 to 100 are
accepted by the program. Because relative humidity is used to determine other
variables in an aray “look up” sense, to maintain conservative “wordt-case’
edimates, any fractiond vaue of relative humidity should be automaticaly
rounded up (eg., 48.23 percent should be input as 49). If variations in RH are
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expected within the smoke impact area or during the time period represented, the
“‘worgt-case” (i.e, highest) RH should be used.

LTOFDY: LOGICAL. This variable defines “day” vs. “night” for a given period.
VSMOKE defines “day” as the period commencing just after sunrise and
terminating just before sunset. All other times are defined as “night.” Unlike most
published sunrise and sunset times, the apparent solar disk radius and effects of
amospheric refraction are not considered in VSMOKE. Therefore, VSMOKE
solar ephemeris determinations result in a dightly shorter daylength for a given
date and location than most almanacs. Although the value of LTOFDY can
criticaly affect VSMOKE output, such large model output differences may be
triggered by data that reflect rather trivia differences in actual physica conditions.
These VSMOKE sensitivities demongtrate the need to use the model in the most
conservative sense reasonable for a given situation. In generd, VSMOKE andlysis
should be extended into a period that the model regards as “night” if there is any
indication that smoke could cause a potentia problem from a little before sunset to
a little after sunrise. LTOFDY s read and used in VSMOKE only if LSTBDY is
set to TRUE.

ISTABA: INTEGER. With acceptable values from 1 to 7, this variable
characterizes dtability class. Lavdas (1986) or Turner (1964) should be consulted
if there is any question about determining or interpreting stability class. If tability
class cannot be provided, the user should automaticaly estimate stability class
(achieved by setting LSTBDY to fase). VSMOKE output is rather senstive to
stability class in many Stuations, and the discrete nature of the dtability
classification system used in VSMOKE causes some “jumpiness’ in model output
results. Therefore, a conservative approach is suggested that accounts for the
effects of both adjacent classes on smoke concentration estimates for sample
burns. For example, if three is input, the effects of using two and four as inputs for
the given burn geometry and disperson Stuation should be known. ISTABA is
read and used only if LSTBDY is set to TRUE.

WSSFC, ICOVER, CEIL: REAL, INTEGER, REAL. Not dored in arays, these
variables are based on surface weather observations. They are read and used only
if LSTBDY is st to FALSE. The “jumpy” response of VSMOKE with respect to
stahility class can be triggered by small shifts in any of these three surface weather
variables. A conservative approach, such as “forcing” a more stable class in a
borderline case, is strongly recommended. ICOVER is redtricted to the range 0 to
10; WSSFC and CEIL must be non-negative.

AMIXA: REAL. Under near neutral or unstable conditions, the interpretation of
mixing height is sraightforward. Mixing height can be estimated by (and usudly
requires) a meteorologist (or well-designed and tested meteorologica software
package) with access to upper air and surface weather data. The meteorologist
should note that VSMOKE retains the mixing height concept even under stable
conditions when mixing height, in a thermodynamic sense, no longer exists (or
might be sad to equal zero). VSMOKE ftrests mixing height as an impenetrable

99




“lid" that perfectly traps al smoke. Specifying too low a mixing height will result
in unredisticaly high smoke concentration and vishility impact because smoke in
an inverson layer dowly disperses within the layer. In stable conditions, AMIXA
values should be set to at least 100 m. These values may be set lower if a good
reason, such as well defined subsidence, exists, However, the VSMOKE
disperson coefficients are not designed to account for important dispersion effects
when an inversion is extremely close to the surface. Because mixing height when
used to determine DI & night is restricted to the range between 240 and 600 m,
restricting the VSMOKE input for AMIXA in “night” conditions to this range is
generaly prudent. However, to dlow for tesing VSMOKE mathematical
performance on varying host computer systems, any value of 1.0 mto 10,000.0 m
is accepted by the program.

UA: REAL. This variable aso requires a meteorologist (or appropriate software
package) with access to surface and upper air weather data. UA is the average (or
“net”) windspeed for the layer of amosphere within which significant smoke
concentrations from the fire occur and are likely to affect roadways and other
sendtive areas. Extra weight should be given to surface wind observations or
forecasts, especialy in the presence of a surface inversion. Dense layers of smoke
near the ground in stable conditions are most likely to cause traffic hazards. A
reasonable practice is to weigh the surface windspeed equally with the average of
speeds aoft within any actual or assumed mixing (or smoke) layer. In operational
conditions where the avallable surface data are more likely to be representative of
conditions a the time and place of andysis than are the upper ar data, the surface
report may be given precedence when it exceeds the “raw” transport windspeed
value. For example, if a remote morning raob is used to determine a transport
windspeed of 4.0 meters per second (m/s), and an afternoon observation gives a
surface windspeed of 10 knots, and that surface wind is regarded as representative
of conditions in and near the burn area, then the appropriate value of UA would be
no less than 10 knots, or about 5.1 m/s. UA must be a least 0.1 m/s.

OYINTA, OZINTA: REAL. These vaiables alow period-by-period input of
“initid” dispersion in the horizontd (OYINTA) and verticd (OZINTA)
crossplume  directions. Any non-negative value is acceptable. The most
conservative approach for estimating concentrations from ground-level smoke is to
use zero for both OYINTA and OZINTA. This approach corresponds to the
practice of SFFLP (1976). The most conservative approach for fires with
complete plume rise (RFRC or EMTQR =+ 1 .0) is to input the highest reasonable
vaue for OZINTA and zero for OYINTA. Rigorousdy determining appropriate
non-zero values requires rather sophisticated monitoring of smoke behavior near
fires. Approprigte data are generally lacking. Selecting appropriate values in an
operational environment requires a knowledge of the initid distribution and virtua
distance concept as used in VSMOKE. A Gaussan digtribution of pollutants is
applied a the source due to these coefficients. Downwind caculations are handled
by adding virtud distances to the sourcelreceptor relationships. Thee must be
equivalent to those necessary to generate the specified initid distributions from a
point source by transport-related model dispersion processes. Other VSMOKE
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I nput hints—Emissions

related
variables

period-by-period

input variables aso describe the geometric configuration of a ground fire as a
pollution source. Both OYINTA and ACRES (the square root of which is the
effective line length of the source) help specify horizontal distribution of smoke at
the source, while both OZINTA and RFRC (or EMTQR, if LQREAD is true) help
specify vertical digtribution of smoke a the source. The net “initid” distribution
resulting from the effect of al VSMOKE input values should reasonably represent
the geometry of the smoke source analyzed:

BKGPMA: REAL. This is a “generic’ background period-by-period
concentration for particulate matter in micrograms per cubic meter (ug m?).
Generdly, the PM10 fraction, as defined by the 1990 Clean Air Act (unless and
until superseded) should be used if avalable. In any case, BKGPMA should
correspond to the particular matter component specified for EFPM  (if
LQREAD=FALSE) or for EMTQPM (if LQREAD=TRUE). For the foreseeable
future, little or no monitoring of particulate matter is likely to be available a most
prescribed burn field locations, therefore a value for BKGPMA will usualy be
assumed. The input value must be non-negative; a zero input causes VSMOKE to
determine smoke concentrations only from the single fire under anaysis. When
LSIGHT is st to TRUE, a zero value for BKGPMA leads to unredistic
crossplume Sightline estimates. If background visibility is the only basis for
BKGPMA, the following relationship should be used:

2431E-03 ‘
BKGPMA = 3, ——— - 1.5E-05
3.0E+05 ( VISM 1.5E-05

where

VISM is the background visihility in miles. For example, VISM = 1 mile,
BKGPMA =725 pg m?; VISM = 7 miles, BKGPMA = 100 pg m®.

BKGCOA: REAL. This is period-by-period background concentration for carbon
monoxide in parts per million based on a densty of CO per total density of air.
Little or no monitoring data are likely to be available in most prescribed burn
situations. The input vaue must be non- negative; a zero input yields smoke
concentrations from only the single fire under analysis without adverse effects on
subsequent model calculations. Unlike particulate matter - concentrations,
VSMOKE CO concentration estimates are influenced by input values of ambient
temperature, pressure, and moisture.

Note: These variables are read and used by VSMOKE only if LQREAD is st to
TRUE, which indicates that period-by-period emissions related data are included
in the input file.

NUMDRT: INTEGER. This variable serves a “bookkeeping only” function with
respect to the optional period-by-period emission rate related data Any
bookkeeping system within the limitations of the user's host system may be used.
NUMDRT s not stored in an array or used in any other capacity.
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EMTQPM, EMTQCO: REAL. These variables would ordinarily be derived from
an emissions model for a prescribed fire. Both the particulate matter (EMTQPM)
and carbon monoxide (EMTQCO) emission rates in grams per second represent
the totd fire for the given period. Any non-negative vaue for either emission rate
is acceptable. Because the values can be high, the use of the powers of 10 format
(eg., 1.5E+06 for 1,500,000) may be more convenient and alow more exact
representation of the input values of EMTQPM and EMTQCO within VSMOKE.
The current verson of VSMOKE treats particulate matter “genericaly”; that is,
emissons and concentrations may be for total particulate matter or for particulates
within a given size class. Whichever component of particulate matter is used in a
given VSMOKE run, the input value(s) of EMTQPM should match the component
described by the input value(s) of BKGPMA.

EMTQH: REAL,. This variable would probably be derived from a model of a
prescribed fire that tracks and outputs either sensible heat emission rate or the rate
of mass loss of fuel. This varidble is avallable from some emisson models for
prescribed tire (Sandberg and Peterson 1984). As of December 3 1, 1991, heat
emission estimates from this model (i.e, the ERM model) were given in BTU's per
second and must be converted to megawatts (by multiplying by 1.0551 * 107)
before running in VSMOKE. EMTQH can be estimated from a knowledge of the
rate of fuel consumption and the amount of sensible heat released to the
atmosphere per unit mass of fuel consumed. Fuel consumption rate estimates are
avallable within some emissions models, while sensible heat release per unit fuel
can be assumed constant for many forest fuels. Any non-negative vaue is
acceptable. Using powers of 10 notation may prove more convenient and alow
more exact representation of EMTQH within VSMOKE.

EMTQR: REAL, This variable may be regarded as a period-by-period vaue of
RFRC. The absolute vaue of EMTQR specifies the proportion of smoke
emissons subject to plume rise. The sign of EMTQR specifies the initial vertical
digribution assigned to the plume rise associated smoke. If postive, dl plume rise
smoke is dispersed from the calculated plume height; if negative, the plume rise
smoke is initidly uniformly distributed from the ground to the caculated plume
height. In either case, dl remaining smoke is dispersed from the ground. EMTQR
is more specidized than the three preceding emissions values, and may not be
avallable from emissons model output. If no data are available, the best available
esimate of RFRC for the active combustion period should be used for each period
with sgnificant active flaming combustion. When heat emissions become low and
the source of heat is widespread (e.g., smoldering smoke sources scattered
throughout the burn ared), setting EMTQR to zero yields the most conservative
estimates of smoke impact. Values from - 1.0 to + 1.0 are accepted hy the
program.  SFFLP (1976), in effect, assigned a velue of + 0.6 to EMTQR during
the “convective lift phase’ of a fire, and 0.0 during the “no convective lift phase.”
Either a vaue of-t 0.60 or « 0.75 can be judtified from the low-intensity prescribed
fire and smoke data analyzed by Lavdas (1978), and - 0.75 may be a better value,
according to an unpublished analysis.
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Appendix II—
Input Examples

The following examples are for illustration only and should not be construed
as recommendations for input values.

Example 1—A quick check of day and night smoke conditions

It is March 15,1996. A burn is scheduled to begin tomorrow afternoon

a 2 pm, on the Fictitious Nationa Forest in South Carolina The

location of the burn ste is 33.6" N. 79.7 W. The burn is a 40-acre Series of
backfires that will reduce the fuel loading by 2.5 tons per acre. No emission rate
data from modeling efforts are available, but consultations with experts indicate
that the emission factor for particulates is 30 pounds per ton, the duration of both
the convective and constant emissions period of the fire is 25 hours, the
appropriate value of the exponentiad decay constant is 0.5 hours, 75 percent of the
smoke will rise to full plume height and 25 percent will remain on the ground. For
this burn, carbon monoxide concentrations are not needed, but crossplume
vishility estimates are-a contrast ratio of 0.10 or better is desred a a distance of
1/8 mile. The smoke plume undergoes gradua rise. The weather forecast specifies
tomorrow’s stability class to be 3, mixing height of 1200 m, and transport
windspeed of 7.0 m/s. The following evening, a dtability class of 6 and transport
windspeed of 25 m/s are expected, and an appropriate mixing height input would
be 300 m. Predicted RH is 45 percent for tomorrow afternoon, rising to 80 percent
by 8 pm., and 95 percent by 2 am. the next day. The horizontal and vertica
“initid” dispersion coefficients are to be set to zero throughout the life of the fire.
The background concentration of particulate matter will be 40 pg m® throughout
the period. The VSMOKE.IPT file should contain the following information:

NLPAGE - 66, appropriate for uncontrolled form fold line printers

KTITLE - one can smply use the title of example 1, a numbering system
enclosed in apostrophes could be devised for operationad use

ALAT - 336" N

ALONG » 79.7" W

TIMZON - in March in South Carolina would be EST, or 5.0 hours
behind UTC

IYEAR - 1996

MO - March, or 3

IDAY - 16

NPRIOD = estimates for 2 p.m.,, 8 p.m., and 2 am. are desred; use 3

HRSTRT « use the fire start time; on a 24-hour decima clock, 2 pm. is
14.0

HRNTVL - the desred estimate times are every 6 hours, use 6.0

LSTBDY « stahility classes are a part of the input forecast; use T

LQREAD . no period-by-period emission rate related data are available;
use F

LSIGHT « crossplume sightline estimates are desired; use T

CCOCRT - 0.10

VISCRT - 0125

ACRES - 400
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TONS - 100.0 (25 tons per acre times 40 acres)

EFPM . 300

EFCO . carbon monoxide anaysis is not needed; use 0.0

THRE « 2 pm,; use 14.0,

THOT « 25

TCONST « 25

TDECAY - 05

LGRISE - gradua plume rise calculation is desired, use T

RFRC « 75 percent of smoke rises fully and disperses from full plume
height; use 0.75

NUMDWX . this paticular user finds the numbers 14, 20, and 26 to be
the most convenient way to keep track of times associated with the weather
data; a more robust method would be 199603 16 14, 199603 1620, and
199603 1702

TTA = used only in determining CO concentrations in parts per million; a
default is forced

, PPA « used only in determining CO concentrations in parts per million; a
default is forced

IRHA . relative humidities are 45, 80, and 95 percent

LTOFDY - 2 p.m. is day, 8 p.m. is after sunset, and 2 am. is night; use
T,F,andF

ISTABA - dtahility classes are 3,6, and 6

AMIXA - mixing heights are 1200., 300., and 300. m

UA - transport windspeeds are 7.0, 2.5, and 25 m/s

OYINTA - “initid” horizontal dispersion coefficients are 0.0, 0.0, and
0.0

OZINTA - “initid” vertica dispersion coefficients are 0.0, 0.0, and 0.0

BKGPMA - background particulate matter concentrations are 40
pg m? for al periods, use 40.0, 40.0, and 40.0

BKGCOA - carbon monoxide is not considered in this example; zeros
can be used

The VSMOKE.IPT file for example 1 should appear as follows:

66

‘EXAMPLE 1 - A QUICK CHECK OF DAY AND NIGHT SMOKE
CONDITIONS'

33.6 79.75.0 1996316314060 T F T 010 0125

40.0 1000 30.0 00 140 252505 T 0.75

14 -500. -1. 45 T 3 1200.7.0 0.0 0.0 400 00

20 -500. -1 80 F 6 300.25 0.0 0.0 400 0.0

26 -500. -1 95 F 630025 0.0 0.0 400 0.0

Example 2A and 2B—A more detailed look at a head fire at the same site

Same time, same place, different firing technique. A head fire takes less time to
burn through the site (assume 1.75 hours); the experts say that the emission factor
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should be 60 pounds per ton, the condtant emission period outlasts the convective
period by a haf hour, the decay constant should be “doubled, maybe tripled,” and
75 percent of smoke that rises will be uniformly distributed between the ground
and the predicted plume height. No one has much to say about “initid” dispersion
coefficients. The user decides hour-by-hour estimates of smoke concentrations and
crossplume visihilities are needed and consults with a meteorologist about hourly
wegther input. The user is advised that “procedure 1" is acceptable. Assume this
uses the afternoon westher between noon and 2 hours before sunset and linearly
interpolates relative humidity and dtability class to evening and late night values,
The night values of transport windspeed and mixing height are used al night.
After sunrise, the stability class rises one class per hour to a daytime vaue of 4 or
less, but mixing height and transport windspeed lag behind until midmorning. In
the operationa world, a little program already exists that handles this weather data
generation automatically. The “initid” dispersion coefficients are handled by
setting them to zero (generaly the most conservative course of action, unless better
information is avallable). Because the “doubled or maybe tripled” decay constant

IS vague, you decide to run the program twice. The VSMOKE.IPT for the first run
should contain the following informetion:

NLPAGE - assume a system setup makes 63 most convenient

KTITLE - merely need to distinguish between the two cases

ALAT, ALONG, TIMZON, IYEAR, MO, IDAY - same as example 1

NPRIOD - continue until 8 am. the following day; use 19

HRSTRT - use the dtart time for the fire, 14.0

HRNTVL - 10

LSTBDY, LQREAD, LSIGHT, CCOCRT, VISCRT ~ same as example 1

ACRES, TONS - same as example 1

EFPM - 60.0

EFCO, TFIRE - same as example 1

THOT - 175

TCONST - hdf an hour longer than THOT, or 2.25

TDECAY « “doubling” example 1 gives 1.0

LGRISE « dill desred, use T

RFRC - 75 percent of smoke rises resulting in a uniform vertical
digribution; use -0.75

NUMDWX . choose 14-23, then 00-08

TTA, PPA . use defaults, same as example 1

IRHA - use 45 from 2 pm. to 5 p.m., then work upward to 80 and 95
percent

LTOFDY - sunrise is 6:20 am., sunset is 6:20 p.m.

ISTABA - keep 3 from 2 pm. to 5 pm, go up 1 per hour until 8 p.m,
hold to 6 am,, then use 5 for 7 am., 4 for 8 am.

AMIXA . 1200. m through 6 p.m., then 300. m

UA - 7.0 m/s through 6 pm., then 25 m/s

OYINTA, OZINTA, BKGPMA, and BKGCOA - same as example 1
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The VSMOKE.IPT file for example 2A should appear as follows:

63
'EXAMPLE 2A « A DETAILED HEAD FIRE ANALYSIS WITH TDECAY = 1.0
HOURS'

33.679.7 5.0 1996 3 16 19 14.0 1.0 TF T 0.10 0.125
40.0 100.0 60.0 0.0 14.0 1.75 2.25 1.0 T -0.75

14 -500. -1. 45 T 3 1200.7.0 0.0 0.0 40.0 0.0

15 -500. -1. 45 T 3 1200.7.0 0.0 0.0 40.0 0.0

16 -500. -1. 45 T 3 1200.7.0 0.0 0.0 40.0 0.0

17 -500. -1. 45 T 3 1200.7.0 0.0 0.0 40.0 0.0

18 -500. -1. 57 T 4 1200.7.0 0.0 0.0 40.0 0.0

19 -500. -1. 69 F 5 300.2.5 0.0 0.0 40.0 0.0
20-500.-1. 80 F6 300.2.5 0.00.040.00.0
21-500. -1. 83 F 6 300.2.5 0.0 0.0 40.0 0.0

22 -500. -1. 85 F 6 300.2.5 0.0 0.0 40.0 0.0
23-500.-1.88 F6 300.2.50.0 0.0 40.0 0.0

00 -500. -1. 90 F6 300.2.5 0.0 0.0 40.0 0.0

01 -500. -1. 93 F6 300.2.50.00.040.00.0

02 -500. -1. 95 F6 300.2.5 0.0 0.0 40.0 0.0

03 -500.-1.95 F6 300.2.5 0.0 0.0 40.0 0.0

04 -500. -1. 95 F 6 300.2.5 0.0 0.0 40.0 0.0

05 -500. -1. 95 F6 300.2.5 0.0 0.040.00.0

06 -500. -1. 95 F 6 300.2.5 0.0 0.0 40.0 0.0

07 -500. -1. 95 T 5 300.2.5 0.0 0.0 40.0 0.0

08 -500. -1. 95 T 4 300.2.5 0.0 0.0 40.0 0.0

The run for example 2B changes only KTITLE and TDECAY (from 1.0 to 1.5):

63

‘EXAMPLE 2B « A DETAILED HEAD FIRE ANALYSIS WITH TDECAY = 1.5
HOURS'

33.679.75.0 1996 316 19140 1.0 TF T 0.10 0.125
40.0 100.0 60.0 0.0 14.01.752.251.5T -0.75

14 -500. -1. 45 T 3 1200.7.0 0.0 0.0 40.0 0.0

15 -500. -1. 45 T 3 1200.7.0 0.0 0.0 40.0 0.0

16 -500. -1. 45 T 3 1200. 7.0 0.0 0.0 40.0 0.0

17 -500. -1. 45 T 3 1200.7.0 0.0 0.0 40.0 0.0

18 -500. -1. 57 T 4 1200.7.0 0.0 0.0 40.0 0.0

19 -500. -1. 69 F5 300.2.50.00.0 40.00.0

20 -500. -1. 80 F6 300.2.5 0.0 0.0 40.0 0.0

21 -500. -1. 83 F6 300.2.5 0.0 0.0 40.0 0.0

22 -500. -1. 85 F6 300.2.5 0.0 0.0 40.0 0.0

23 -500.-1. 88 F6 300.2.50.0 0.0 40.00.0

00 -500. -1. 90 F 6 300.2.50.0 0.0 40.0 0.0

01 -500. -1. 93 F6 300.2.50.0 0.0 40.0 0.0

02 -500. -1. 95 F6 300.2.5 0.0 0.0 40.0 0.0

03 -500. -1. 95 F 6 300.2.5 0.0 0.0 40.0 0.0
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04-500.-1. 95F 6 300.2.5 0.00.040.0 0.0
05-500. -1. 95F6 300.2.5 0.00.040.0 0.0
06-500.-1. 95F6 300.2.5 0.00.040.00.0
07-500.-1. 95T 5 300.2.5 0.00.040.00.0
08-500.-1. 95T 4 300.2.5 0.00.040.00.0

Example 3—Forecast stablllty class unknown

Assume the same conditions as example 1, except stability class is not given in the
forecast and crossplume visihility estimates are not required. The weather forecast
is given as “clear tomorrow, with winds of 10 mph; fair tomorrow night with winds
of 5 mph” For this example, VSMOKE.IPT should contain the following
information:

NLPAGE . st to the minimum of 60 lines per page
KTITLE - use the above title
ALAT through HRNTVL - same as example 1
LSTBDY « dahility class not avalable; use F
LQREAD - period-by-period emisson rate related data not available;
use F
LSIGHT - crossplume sightline estimates not required; use F
CCOCRT, VISCRT « same as example 1
ACRES through RFRC - same as example 1
NUMDWX - dthough weather format is for LSTBDY = F, this is same
as example 1
IRHA - same 3as example 1
WSSFC - 10 mph tomorrow, 5 mph tomorrow night; ‘these convert to 8.6
and 4.3 knots;, use 8.6,4.3, and 4.3 (the 5 mph forecast applies to hoth 8 p.m.
and 2 am.)
ICOVER - clear is 0 tenths, far is generaly under 5 tenths, the exact
number within the 0 to 4 range is not critica; use 0, 0, and 0
CEIL - there is no ceiling unless ICOVER is 6 or more; use 99999. for dll
three periods
AMIXA, UA, OYINTA, OZINTA, BKGPMA and BKGCOA - same as example 1

The VSMOKE.IPT file for example 3 should appear as follows:

60

EXAMPLE 3 - FORECAST STABILITY CLASS UNKNOWN:!
336 79.7 50 1996 3 16 3 140 6.0 F F F 0.10 0.125

400 100.0 30.0 0.0 140 252505 T 0.75

14 -500. -1. 45 86 0 99999. 1200.7.0 0.0 0.0 400 0.0

20 -500. -1. 80 4.3 0 99999. 30025 00 0.0 400 00

26 -500. -1. 95 43 0 99999. 30025 0.0 0.0 400 00
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Example 4—Example 3 with clouds

Assume now the same conditions as example 3, except the forecast is cloudy
conditions tomorrow and tomorrow night. After consulting a meteorologist, you
find that ICOVER inputs should be 6,9, and 10, and CEIL inputs should be
12000., 6000., and 3000. VSMOKE.IPT for example 4 should appear as follows:

60

‘EXAMPLE 4 « FORECAST STABILITY CLASS UNKNOWN, CLOUDS IN
FORECAST:’

336 79.7 50 1996 3 16 3 140 60 F F F 0.10 0.125

400 1000 300 00 140 25 25 05 T 0.75

14 -500. -1. 45 86 6 12000. 1200.7.0 0.0 0.0 40.0 0.0

20-500. -1. 804.3 9 6000. 300.2.50.00.040.00.0

26 -500. -1. 95 43 10 3000. 30025 0.0 00 400 00

Example S-Smoldering organic soils scenario with convoys available

Generdly, carbon monoxide concentrations from a prescribed fire tend to be less
criticd than particulate matter. Carbon monoxide is invisble and does not directly
affect vighility. Moreover, ar qudity emisson factor compilations (U.S. EPA
1985, 1988, 1990) set typica emission factors for CO relatively low compared to
particulate matter with respect to ar quality standards. An exception can occur
when dedling with smoldering organic soils. These fires may often be relaively
“clean” with respect to particulates, but “dirty” with respect to CO. Smoldering
organic soil is a situation that should be absolutely avoided in prescribed burning
operations. These emissons can last for weeks, the combustion is virtualy
impossible to extinguish unless environmental conditions are unusualy favorable,
and the resulting smoke is both inherently dangerous for traffic safety and
potentially highly damaging to generd ar qudity. When used with care,
VSMOKE can be applied for any ground-based emissions source, including a fire
in organic soil caused by a lightning strike. VSMOKE can be used to obtain a
“sngpshot” of atmospheric conditions during poor weather when the likelihood of
safety problems is greatest. For this example, the fire has been ongoing as a
smoldering source for severd weeks. Assume that law enforcement officids are
actively involved in convoying traffic through affected roadways. Please note that
consultations with experts are required for these conditions. The following input
represents a hypothetical  sSituation used for illustration only.

Elements in example 5 that may require clarification are:

ALAT, ALONG « have been moved to an area containing deep organic
0ils

TIMZON, IYEAR, MO, IDAY « changed to late summer; note daylight
savingstime

NPRIOD, HRSTRT, HRNTVL - this is a scenario snagpshot; only the
4 am. conditions are of interest; HRNTVL is not used
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CCOCRT = assume that consultation with law enforcement officids have
resulted in an agreement to set the vaue to 0.02; patrols will lead dl traffic
through the area in low-speed convoys

VISCRT = st by consultation, convoys will be run a low speeds, with
500 foot (0.0947 mile) vishility regarded as adequate

ACRES - assumed to be 40.0, but many organic soils fires are much
larger

TONS = note that the tons per acre consumed during the snapshot period is low,
only 0.1; this fuel is consumed during the period specified by the sum of
TCONST and TDECAY

EFPM, EFCO - reflect the “clean” and “dirty” nature of the source with
respect to paticulate matter and carbon monoxide

TFIRE « specified as 3:30 am,; this means only that the source emissions are
“underway” when the model concentrations are calculated at 4 am.

THOT « the source is “cool”; THOT is specified as zero

TCONST, TDECAY . the smoldering soils are assumed to be in a
“steady-state”; for the purposes of the snapshot, TCONST is set to 1 .0 hour and
TDECAY to 0.0; that is, 0.1 tons per acre (4 tons in the 40 acres) of fuel are
consumed in the 1 hour specified by TCONST + TDECAY

RFRC « a cool source is assumed; RFRC is set to zero, but is not used

NUMDWX . a yea/month/day/hour integer is used in this case

IRHA though UA . reflect very poor atmospheric dispersion conditions

OYINTA, OZINTA . assume these nonzero quantities are given by an expert;
dthough QYINTA in this case is of limited practical importance, the nonzero
OZINTA vaue acts to dightly reduce concentrations close to the source

BKGPMA, BKGCOA - assume that 75 pug m™ for particulates and 6.0 ppm for
CO have been monitored as background levels

The VSMOKE.IPT file for example 5 should appear as follows:.

66

EXAMPLE 5 - SMOLDERING ORGANIC SOILS SCENARIO WITH
CONVOYS  AVAILABLE’

346 77940199782214000T F T 0.02 0.0947

400 4.0 100 10000 3500 1000 T 00

1997082204 72.0 10125 100 F 7 240. 1.0 50 50 750 6.0

Example 6—~Example § with emission rate estimates available

Close monitoring of smoke from prescribed fires that permits rigorous estimates of
the emissions input requirements of VSMOKE under the LQREAD = TRUE
option may not occur in the near future. However, the problems associated with
the persstent smoke from burning organic soils may soon result in close
monitoring of these types of fires. Progress in smoke models generating the
necessary input data may aso continue, eg. work continues on such efforts
pioneered by Sandberg and Peterson (1984). To illustrate the LQREAD = TRUE
option, assume that the smoldering fire in example 5 has continued for an
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additiond  week: during that time, its emission rates have been well established.
The input eements in example 6 follow:

KTITLE - ‘EXAMPLE 6 - SMOLDERING ORGANIC SOILS WITH KNOWN

EMISSION  RATES!

ALAT, ALONG, TIMZON -« same as example 5

WEAR, MO, IDAY - one week later, i.e, 1997 8 29

NPRIOD . assume three snapshot analyses are to be performed with worst-case
meteorology and three different emissions scenarios developed from the
monitoring program; this procedure is an atifact used instead of running the
program three times. These “short cuts’ can be taken safely once the mechanics
of the model are thoroughly understood

HRSTRT, HRNTVL « set for predawn analysis

CCOCRT, VISCRT = same as example 5

ACRES « same as example 5

TONS, EFPM, EFCO - not used by the program, but must have dummy inputs
(values that are normaly invaid are used to avoid confusion)

TFIRE - st to dlow predawn analysis

THOT, TCONST, TDECAY « not used but must have dummy inputs (again
invaid values are used)

LGRISE - since no plume rise is possble in this modelruﬁthis vaue is irrelevant;
in this example, set to T

RFRC = not used, but need a dummy input (this example uses an invalid input)

NUMDWX through BKGCOA - same as example 5, but now have three
lines of identical westher related data

NUMDRT - set to keep in synch with HRSTRT and HRNTVL

EMTQPM, EMTQCO « st low, midrange, and high estimates

EMTQH - dthough sensible heat emission rate might be no more
difficult to edtimate than emission rate, no plume rise is assumed; therefore,
zero is used

EMTQR - set to zero, forcing zero plume rise, enabling a wordt-case analysis

The VSMOKE.IPT file for example 6 should appear as follows:

66

‘EXAMPLE 6 « SMOLDERING ORGANIC SOILS WITH KNOWN
EMISSIONS

34677940 197 82933010T T T 002 00947

400 -1.0 -1.0 -1.0 25 -10 -10 -10 T 100

1997082903 72.0 10125 100 F 7 240. 1.0 50 50 750 6.0
1997082904 72.0 10125 100 F 7 240. 1.0 50 50 750 6.0
1997082905 72.0 10125 100 F 7 240. 1.0 50 50 750 6.0
1997082903 1.0E+02 4.0E+03 0.OEOO 0.0

1997082904 2.0E+02 8,0E+03 O.OEOO 0.0

1997082905 4.0E+02 1.6E+04 O.OEOO 0.0
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Appendix III—Line-
by-Line Layout of

VSMOKE Output File,

VSMOKE.OUT

Part A-Generic

Line-by-Line

Description

This appendix presents a generic line-by-line description of the contents of
VSMOKE.QUT and an example that shows output format for a specific test
run.

Section 1 « Echo-print

Line 1 is the header, giving program name and version number, bracketed by a
series of colons, " @ o, €fC.*. The version number is referenced to date of last
revison and is given in yyyymmdd format.

Lines 2 and 3 are skipped.

Line 4 consists of the message,
ECHO PRINT (LIST-DIRECTED OUTPUT) OF INPUT VALUES:

Lines 5 to 7 are skipped.

Line 8 congsts of the control variable, NLPAGE:
Line 9 is skipped..

Line 10 gives the value of NLPAGE as input.
Lines 11 and 12 are skipped.

Line 13 consists of the label, KTITLE:
Line 14 is skipped.

Line 15 gives the value of KTITLE, generaly as it is represented in its output
format. This means that apostrophe () delimiters do not appear in KTITLE, and
that single apostrophes appear where consecutive apostrophes are used within
KTITLE. The methods used to process the output file may cause trailing blanks
included within the input value of KTITLE to be eliminated as a pat of the output
file (eg., the blanks following the colon in ‘TEST CASE #1:' may be eiminated).

Lines 16 and 17 are skipped.

The following lines in this section continue the echo-print of the remaining
contents of the input file. The input/output list of each line of input data is used as
a header, which takes up at least one line of output. Where array variables appear,
a second line is used to identify the array index value. The header ling(s) are
followed by a line skip, then by the vaues of each variable in the input/output list.
The number of lines required by the list of values is dependent on the host system.
The values appear in their proper order, but their format and layout are dependent
upon the methodology used by the host system to process FORTRAN 77
lig-directed  output. Two lines are skipped to separate the list of values from the
header for the next line of input data Lines are not necessarily skipped after the
last list of vaues for the last line of input. Page processing is not used within
section 1 but is used a the end of the section. Section 2 dtarts with a new page.
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Section 2 « Analysis for each period with significant emissions

Line 1 of each page is the header, giving progran name and version number,
bracketed by a series of plus signs, "+ + + +, etc.” The verson number is
referenced to date of last revison and is given in yyyymmdd format.

Line 2 is skipped.

Line 3 gives the titte (KTITLE) as input in VSMOKE.IPT. The apostrophe
delimiters are not shown. At mogt, only the first 72 postions of line 3 are used.

Lines 4 to 12 give selected input and VSMOKE-calculated variables upon which
the most critical subsequent calculations for the period depend. The output within
these lines is arranged in five columns in a “VARIABLE = vaue’ format. Line 4
aopears only in the fifth column (to avoid clutter with the data on line 3). Column
by column, the output includes the following:

Column 1 (lines5 through 12):

LSTBDY » LOGICAL, set according to whether stability class is to be read from
the wegther data in file VSMOKE.IPT (input)

LQREAD - LOGICAL, st according to whether emissions related data are to be
read from file VSMOKE.IPT (input)

LSIGHT - LOGICAL, set according to whether sightline related calculations are
to be made and output (input)

LGRISE « LOGICAL, set according to whether gradua plume rise caculaions are
to be made and output (input)

LTOFDY - LOGICAL, st according to whether this period is in daylight (input
as LTOFDY(]), if LSTBDY = TRUE)

IYEAR - INTEGER, year (input)

MO « INTEGER, month of year (input)

IDAY - INTEGER, day of month (input)

Column 2 (lines 5 through 12):

PERIOD « INTEGER, number of this period (carried as I, within the program
code)

NPRIOD - INTEGER, totd number of periods (input)

HRSIM - PEAL, this period's time in decima hours

HRSTRT - REAL, dat time of simulation in decima hours (input)

HRNTVL - REAL, intervd between successive periods in decima hours (input)

ALAT « PEAL, laitude in decima degrees, north (input)

ALONG - PEAL, longitude in decimal degrees, west (input)

TIMZON « REAL, time zone in decima hours behind UTC (input)

Column 3 (lines 5 through 12):

IRH « INTEGER, this period's relative humidity in percent (input as IRHA(I))
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IDYNT - INTEGER, st to 1 if this period is in daylight, set to 2 for darkness

ISTAB - INTEGER, this period's Turner (1964) stability class (input as
ISTABA(]), if LSTBDY = TRUE)

AMIX - REAL, this period's mixing height in meters (input as AMIXA(D)

U - REAL, this period's transport windspeed in meters per second (input as
UAQD)

OYINT - REAL, this period's “initid” horizontal dispersion coefficient in meters,
not counting effects from non-point source modeling (input as OYINTA(T))
OZINT - REAL, this period's “initid” vertical dispersion coefficient in meters, not
counting effects from the input vaue of RFRC andlor EMTQR() (input as

OZINTA(D)
RHO - REAL, this period’s ambient atmospheric density in kilograms per cubic
meter

Column 4 (lines 5 through 12):

ELINE - REAL, effective line source length in meters

TFIRE - REAL, dart time of fire in decima hours (input)

THOT « REAL, duration of convective period of fire in decima hours (input)

TCONST - REAL, duration of constant emissions period of fire in decima hours
(input)

TDECAY = REAL, exponentid decay constant, a decay period duration
parameter, in decima hours (input)

EFPM « REAL, emisson factor for particulate matter in pounds per ton of fuel
consumed  (input)

EFCO - REAL, emission factor for carbon monoxide in pounds per ton of fuel
consumed  (input)

RFRC « REAL, proportion of emissions subject to plume rise, with vertica
digtribution controlled by the sgn of RFRC (input)

Column 5 (lines 4 to 12):

ACRES - REAL, area of emissions source in acres (input)

TONS - REAL, totd mass of fuel consumed in short tons (input)

CRITPM . REAL, particulate matter concentration in micrograms per cubic meter
asociated with the input sightline criteria, CCOCRT and VISCRT, vaid only if
conditions are dry (i.e, relative humidity less than 70 percent); CRITPM is
cculated if LSIGHT = TRUE, set to zero if LSIGHT = FALSE

EMTQPM(I) - REAL, this period's total emission rate for particulate matter in
grams per second (input if LQREAD = TRUE)

EMTQCO(I) -REAL, this period's totad emission rate for carbon monoxide in
grams per second (input if LQREAD = TRUE)

EMTQH(I) -REAL, this period's total sensble heat emission rate in megawatts
(input if LQREAD = TRUE)

F - REAL, this period's tota buoyancy flux in meters’ per second®

THETA . REAL, this period's ambient potential temperature in degrees kelvin
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EMTQR() - REAL, this period's proportion of emissons subject to plume rise,
with vertica digribution controlled by the sgn of EMTQR() (input if
LQREAD = TRUE!)

Lines 13 and 14 are skipped.

Line 15 gives Dispersion Index (DI) and a descriptive adjective (see Table 4).
Line 15 dso displays Low Vishility Occurrence Risk Index (LVORI) with a brief
explanation (see Table 5).

Line 16 continues the description of LVORI.
Line 17 is skipped.

Line 18 is used only if LSIGHT = TRUE, if so, line 18 is a table heading
explanation, which includes the input vaues for criticd contrast ratio (CCOCRT)
and criticdl crossplume horizontd vishility (VISCRT).

Line 19 is an overdl table heading, which includes the period number, simulation
time, and time elapsed since the start of the fire.

Line 20 is skipped.

Lines 21 through 24 give the headings for each variable displayed in each column
of the table. These variables include downwind distance in kilometers, plume
height or depth in meters, horizontal and vertical dispersion coefficients in meters
(including the effects of any initid dispersion), particulate matter centerline
concentration including background in micrograms per cubic meter, carbon
monoxide centerline concentration including background in parts per million,
optiona crossphnne visibility in miles (applicable if relative humidity (RH) is less
than 70 percent), optional contrast ratio (for RH less than 70 percent) applicable
for a crossplume sightline of length, VISCRT, and a repeat of downwind distance
in kilometers to help in reading the table. The optiona sightline parameters are
caculated for a sightline constructed outward from the plume centerline in both
ground-level  horizontal  crossplume  directions.

Line 25 is skipped.

Lines 26 through 56 give the calculated values of the variables described in lines
21 through 24 for each downwind distance (table 6). The distances range from
0.100 to 100.000 km, using logarithmic spacing, with 10 tabular values per factor
of 10 (i.e, incrementing is by a factor of 10°1, resulting in an increase in downwind
distance dightly over 25 percent per increment). The optiona sightline vaues are
accompanied by an asterisk if this period's RH equas or exceeds 70 percent.

Line 57 gives applicable values for background. Not applicable (N/A) is displayed
for the plume height or depth and the horizontal and vertical dispersion

coefficients.  The optiond sightline values are accompanied by an asterisk if the
RH equals or exceeds 70 percent.

Line 58 is skipped.
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Line 59 is used only if LSIGHT = TRUE and the RH equals or exceeds 70 percent;
it congsts of a warning message.

Line 60 is used only if LSIGHT = TRUE; it gives the tabular downwind distance at
and beyond which the edtimated ground-level horizontd crossplume sightline
parameters. maintain acceptable characteristics, given an RH less than 70 percent.
Section 3 « Worst-case analysis for all periods with significant emissions

Line 1 is the header, giving program name and version number, bracketed by a

series of equals Signs, "= == =, etc.” The version number is referenced to date of
last revison and is given in yyyymmdd format.
Line 2 is skipped.

Line 3 gives the title (KTITLE) as input in VSMOKE.IPT. The apostrophe
delimiters are not shown. At mogt, only the first 72 postions of line 3 are used.

Line 4 is skipped.

Line 5 gives the worst (highest) RH among al periods analyzed.

Line 6 is skipped.

Line 7 gives the worst (lowest) DI among al periods analyzed and the
corresponding  descriptive adjective (see Table 4).

Line 8 is skipped.

Lines 9 and 10 give the worst (highest) LVORI and the corresponding brief
explanation (see table 5).

Line 11 is skipped.
Line 12 gives the smoke concentration (and optiona sightline) table heading.

Line 13 is used only if LSIGHT = TRUE; it gives criticd contrast ratio, CCOCRT,
and vighility criterion, VISCRT.

Line 14 is skipped.

Lines 15 through 18 give the headings for each variable displayed in each column
of the table. These variables include downwind distance in kilometers, particulate
matter concentration including background in micrograms per cubic meter, carbon
monoxide concentration including background in parts per million, optiond
crossplume vighility in miles (applicable if RH is less than 70 percent), optiona
contrast ratio (for RI-I less than 70 percent) applicable for a crossplume sightline of
length, VISCRT, and a repeat of downwind distance in kilometers. The optional
sightline parameters are caculated for a sightline constructed outward-from the
plume centerline in both ground-level horizontl  crossplume  directions.

Line 19 is skipped.

Lines 20 through 50 give the calculated values of the variables described in lines
15 through 18 for each downwind distance. The distances range from 0.100 to
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100.000 km, using logarithmic spacing, with 10 tabular values per factor of 10 (i.e,
incrementing is by a factor of 10%%, resulting in an increase in downwind distance
of dightly over 25 percent per increment). The vaues displayed are for the worst-
case (highest concentration, lowest visibility or contrast ratio) found among dl
analyzed periods for the specific variable at the specific downwind distance. The
optiona sightline values are accompanied by an asterisk if the relative humidity for
any period anayzed equals or exceeds 70 percent.

Line 51 gives worst-case vaues for background. The optiona sightline vaues are
accompanied by an asterisk if the relative humidity for any period andyzed equals
or exceeds 70 percent.

Line 52 is skipped.

Line 53 is used only if LSIGHT = TRUE and the relative humidity for any period
anayzed equals or exceeds 70 percent; if so, it conssts of a warning message.

Line 54 is used only if LSGHT = TRUE; it gives the tabular downwind distance,
a and beyond which the estimated ground-level horizontadl crossplume sSghtline

parameters maintain acceptable characteristics given a relative humidity less than
70 percent.

Lines 55 through 57 are skipped.

Line 58 gives a run OK flag message, which should appear as “LRUNOK = T," if
no problems were diagnosed during the VSMOKE run. If problems, such as I/O
processing errors, are found and system control is retained by the VSMOKE
FORTRAN program, “LRUNOK = F" should appear in file VSMOKE.OUT near
the end of the aborted output.

Line 59 is skipped.
Line 60 contains the end of VSMOKE run message.

In case of error with program VSMOKE-controlled ter mination:

A new page is generated: The header line begins with a series of open parentheses,
followed by progran name and version number, and ends with a series of closed
parentheses. This line is followed by text that explains the nature of the error. A
line is skipped followed by a run not OK message, which appears as “LRUNOK =
F.” A line is skipped followed by the end of VSMOKE run message. The last
three lines (LRUNOK..., skipped line, and end of VSMOKE) follow the same end-
of-run format as a norma run. Therefore, an automatic post-processor, diagnosing
file VSMOKE.OUT, can determine whether a given run executed normally by
reading to the VSMOKE.OQUT end-of-file, backspacing to the LRUNOK line, and
reading the value of LRUNOK.

In case of a host computer system-controlled error:

Any output from erors not anticipated by program VSMOKE logic or controllable
within the confines of a FORTRAN 77 program in the host system will be
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Part B-Specific Output
Fiie Example

dependent on the exact nature of the error and the host system characteristics,
given the specific error diagnosed. The generation of a new line or a new page of
output under such conditions cannot be assured. The handling of output under
such conditions must be left within the purview of the user or the user's host
system.

This portion of Appendix I illustrates the layout of output file,

VSMOKE.OUT, by means of a specific example. This example is used for
illustration only and should not be construed as a recommendation for input values,
For this example, VSMOKE.IPT appears as follows:

60

'VSMOKE.IPT OUTPUT FILE EXAMPLE’

33000 82000 50 19% 3 11 2 14060 T T T 005 025
160.0 6400 350 2750 130 40 40 20 T -0.75

14 620 9975 40 T 3 150080 0.0 00 360 2.75

20 41.0 9980 90 F 6 240. 1.0 0.0 0.0 300 25

14 4.7E+01 3.7E+02 5.9E+02 -0.75

20 9.4E+00 7.4E+01 4.72E+00 +0.00

VSMOKE.OUT output corresponding to the input example appears on the
following four pages.
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T e ¢80 s g g e e e g0 s et s PROCRAM VSMOKE - VERSION 19050128 = 2 ¢ ¢ ¢ 2 2 2 222222222

ECHO PRINT (LIST-DIRECTED OUTPUT) OF INFUT VALUES:

NLPAGE:

60

KTITLE:

VSMOKE.IPT OUTPUT FILE EXAMPLE:

ALAT ,ALONG, TIMZON, 1YEAR,MO, IDAY ,NPRIOD, HRSTRT , HRNTVL ,LSTBDY, LOREAD ,LSIGHT,CCOCRT , VISCRT :

33.000000 82.000000 5.000000 1996 3
11 2 14.000000 6.000000 T T T  5.000000E-02
2.500000€-01

ACRES, TONS,EFPM,EFCO, TFIRE, THOT, TCONST, TDECAY, LGRISE ,RFRC:

160.000000 640.000000 35.000000 275.000000
13.000000 4.000000 4.000000 2.000000 T
-7.500000€-01

NUMDWX(1),TTACI),PPA(I), IRHACT),LTOFOY(I), ISTABACI), AMIXACT),UACT) , OYINTACI),0ZINTA(I),BKGPMA(I),BKGCOA(]);

FORI = 1:
14 62.000000 997.500000 0T 3
1500. 000000 8.000000  0.000000E+00  0.000000E+00

36.000000 2.750000

NUMDUX(1), TTACI),PPACI), IRRACI), LTOFDY(1), ISTABACT) , AMIXA(E),UACT),OYINTACI),OZINTA(1),BKGPMA(1),BKGCOACT);

FOR I = 2:
20 41.000000 998.000000 9 F 6
240.000000 1.000000 0.000000E+00  0.DDDDDDE+DD

30.000000 2.500000

NUMDRT(1),EMTGPMCI),EMTQCOCE ), EMTAKCI)  EMTARC1);
FR | ® 1
14 47.000000 370,000000 590.000000  -7.500000E-01
NUMDRT(1),ENTQPM(I),ENTACOCT ), ENTQH(T ), ENTORC1);

FR I = 2:

20 9.400000 74.000000 4.720000 0.000000E+00
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VSMOKE. IPT QUTPUT FILE EXAMPLE:

LSTBDY =

LOREAD
LSIGHT

LGRISE
LTOFDY
1YEAR
L
IDAY

- -t — -t -

1996

1

PERIOD = 1
NPRIOD = 2
NRSIN =  14.0000
HRSTRT = 14.0000
NRNTVL = 6.0000
ALAT = 33.000
ALONG = 82.000
TIMZON = 5.000

DISPERSION INDEX = 74 -

IRH
IDYNT

18TAB
AMIX

OYINT
0zZINT
RHO

= 40

s 1

M 3

= 1500.

= 8.0

2 .000

3 .000

2 1.195559

ELINE =
TFIRE =
THOT ]
TCONST =
TDECAY =
EFPN =
EFCO =
RFRC =

LOU VISIBILITY OCCURRENCE RISK
(THE BASE LINE RISK OF LOU VISIBILITY OCCURRENCE IS ABOUT 1 IN 1000)

804.6720

13.0000
4.0000
4.0000
2.0000

35.0000

275.0000

-.7500

INDEX = 1

ACRES
TONS
CRITPM
EMTQPM(I)
EMTQCO(!)
EMTQH(1)
F ]
THETA ]
EMTOR(I) =

THE FOLLOWING TABLE IS BASED ON A CRITICAL CONTRAST RATIO s 0.050000, WITH HORIZONTAL CROSSPLLME VISIBILITY =
= SMOKE CONCENTRATION/VISIBILITY TABLE:

PERIOD 1

DOWNWIND

DISTANCE

FRON FIRE
(kM)

.100
126
158
.200
251
316
398
501
631
9%
1.000
1.259
1.585
1.995
2.512
3.162
3.981
5.012
6.310
7.943
10.000
12.589
15.849
19.953
25.119
31.623
39.811
50.119
63.0%
79.433
100.000
BACKGROUND

PLUNE
HEIGHT/
DEPTH

(METERS)

74.618

86.998
101.432
118.261
137.883
160.759
187.432
218.529
254.786
297.059
346.345
403.809
470.807
548.921
639.994
746.179
820.344
820.344
820.344
820.344
820.344
820.344
820.344
820.344
820.344
820.344
820.344
820.344
820.344
820.344
820.344

N/A

DRY WEATHER CROSSPLLME VISIBILITIES ARE AT LEAST

HORTZONTAL

DISPERSION

COEFFICIENT
{METERS)

12.463
15.416
19.064
23.569
29.129
35.991
44454
54.890
67.752
83.599
103.114
127.135
156.688
193.031
237.698
292.567
359.928
442 576
543.915
668.088
820.132
low.162
1233.594
1511.408
1850.459
2263.851
2767.369
3379.9%
4124.507
5028.163
6123.506
N/A

VERTICAL
DISPERSION
COEFFICIENT

(METERS)

7.442
9.186
11.340
13.998
17.280
21.331
26.331
32.504
40.124
49.530
61.141
75.474
93.167
115.008
141.969
175.250
216.333
267.047
329.650
406.928
502.322
620.080
765.442
944.882
1166.386
1439.818
1777.349
2194.005
2708.336
3343.240
4126.982
N/A

NRSIN =

PM CENTERLINE

CONCENTRATION

(INCL. BKGPM)
(UG/N**3)

305.083
257.476
218.412
186.341
159.994
138.337
120.524
105.863
93.789
83.837
75.626
68.806
62.983
57.798
53.111
49.003
45.872
43.713
41.950
40.512
39.345
38.419
37.709
37.189
36.859
36.690
36.563
36.461
36.378
36.310
36.255
36.000

119

14.0000

« » « THAT

CO CENTERLINE

CONCENTRATION

(INCL. BKGCO)
(PPM)

4.521819
4.208341
3.951121
3.739%1
3.566458
3.423855
3.306562
3.210025
3.130517
3.064991
3.010925
2.966014
2.927676
2.893533
2.862671
2.835619
2.815001
2.800788
2.789177
.779712
772027
765926
. 761255
. 757830
. 755656
. 754545
753707
. 753037
.752491
.752044
. 751679
2.750000

PRI I O CI O I ORI ORI )

.2500 MILES, AT AND BEYOND

PROGRAM VSMOKE - VERSION 10080128 + + ¢+ ¢+ + 4+ ¢ ¢+ ¢ ¢+ ¢+ 4+ ¢+ 4+ 4+ 449

160.000
6bo.m
2233.754
.4700000€+02
. 3700000€+03
. 5900000E+03
S51932396+04
.2900240E+03
» . 7500000€+00

« (EQUALS BASE LINE)

.2500 MILES.
IS, 1.0000 HOURS AFTER FIRE START TIME.
CROSSPLUME CONTRAST  DOWNWIND
VISIBILITY RATIO AT  DISTANCE
FOR LOW R 2500 FROM FIRE
(MILES) WILES ()}
10.46659 .660216 .100
11.05434 703744 126
11.53660 741595 .158
11.93255 .774188 .200
12.25781 802032 .51
12.52518 .825669 316
12.74510 845631 398
12.92610 862423 .501
13.07517 876511 631
13.19802 888341 7%
13.29935 898347 1.000
13.38297 906917 1.259
13.45203 914356 1.585
13.50911 920866 1.995
13.55633 926543 2.512
13.59541 931398 3.162
13.62309 .935087 3.981
13.63903 937636 5.012
13.65270 939747 6.310
13.66561 941491 7.943
13.67884 942934 10.000
13.69251 944082 12.589
13.70607 544974 15.849
13.71867 945628 19.953
13.72698 946044 25.119
13.72819 946257 31.623
13.72848 946419 39.811
13.72857 946548 50.119
13.72896 9466653 63.096
13.73020 946739 79.433
13.73279 946810 100.000
13.78861 947133 BACKGROUND

.100 KM FROM THE FIRE.
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VSMOKE. IPT OUTPUT FILE EXAMPLE:

LSTBOY =
LOREAD =
LSIGHT =
LGRISE =
LTOFDY =
IYEAR = 1
Ho ]
IDAY =

T PERIOD = 2

T NPRIOD = 2

T WRSIN = 20,0000

T HRBTRT = 14 . m

F HRNTVL = 6.0000
996 ALAT = 33,000

3 ALONG = 82.000
11 TIMZON 8 5.000
INDEX = 1 - VERY POOR

IRH
IDYNT
18TAB
MIX

u

OYINT

OZINT
RHD

s 90

5 2
2 6

® 240.

1.0
' lm
=000
® 1.246205

PROGRAN VSMOKE - VERSION 19950128 o

ELINE =
TFIRE =
THOT s
TCONST =
TOECAY =
EFPM =
EFCD @
RFRC @

FEEFENEEEERENEEEERHNEEEE
ACRES 3 160.000

804.6720 TONS L] 640,000
13.0000 CRITPM = 2233.7%
4,0000 EMTQPM(I) = ,9400000E+01
4.0000 EMTQCO(1) = .7400000E+02
2.0000 EMTQH(I) = .4720000€+01
35.0000 F = 4154591E+02
275.0000 THETA =, 2783091E+03
-.7500 EMTQR(I) = ,0000000E+00

LOW VISIBILITY OCCURRENCE RISK INDEX & 7 « €20 TO 40 TIRES BABE LINE)
(THE BASE LINE RISK OF LOU VISIBILITY OCCURRENCE IS ABQUT 1 IN 1000)

THE FOLLOMING TABLE IS BASED ON A CRITICAL CONTRAST RATIO s 0,050000, WITH HORIZONTAL CROSSPLUME VISIBILITY =

PERIDD 2
DOMNMIND PLUME
DISTANCE HEIGHT/
FRDR FIRE DRPTH
(KM) METERS)
.100 77.512
426 77.512
.158 77.512
.200 77.512
251 n.512
316 T7.512
Jo8 77.512
501 77.512
531 77.512
7% T7.512
1.000 77.512
1.259 77.512
1.585 m7.512
1.995 77.512
2.512 T1.512
3.162 77.512
3.981 77.512
5.012 77.512
6.310 77.512
7.943 77.512
10.000 512
12.589 77.512
15.849 77.512
19.953 77.512
25.119 77.512
31.623 77.512
39.811 77.512
50.119 77.512
63.0% 77.512
79.433 77.512
100.000 77.512
BACKGROUND N/A

» SMOKE CONCENTRATION/VISIBILITY TABLE:

HORTZONTAL VERTICAL
DISPERSION DISPERSION
COEFFICIENT ~ COEFFICIENT

(METERS) (MEYERS)
4.069 2.326
5.037 2.806
6.233 3.386
7.711 4.085
9.537 4.094
11.791 5.862
14.573 7.022
18.005 8.411
2.38 10.075
27.455 11.918
33.884 13.953
41.802 16.140
51.548 1b.669
63.538 21.5%
78.283 24.488
96.404 27.645
118.661 30.769
145.981 34.245
179.495 38.114
220.578 42.156
270.902 46,384
332.501 51.036
407.839 55.880
499.901 60.248
612.298 64.956
749.308 69.838
916.425 74.392
1119.725 79.244
1366.872 84.170
1666.943 M.485
2030775 93.022

N/A N/A

PM CENTERLINE

CONCENTRATION

C(INCL. BKGPM)
(UG/M**3)

4038.006
3.7
2783.040
2311.678
1934.640
1620.032
1357.391
1130.133
955.092
812.072
698.008
607.503
529.261
461.619
410.628
367.147
332.719
300.586
268.435
236.032
203.317
17.308
142.774
119.588
100,150
84.540
72.519
63.009
55.637
50.090
45.736
30.000

120

20.0000 « « » THAT |8,

CD  CENTERLINE

CONCENTRATION

(INCL. BKGCO)
(PPM)

27.818780
8.483840
19.891090
16.913480
16.531710
12.544310
10.885200
9.500134
8.343853
7.440386
6.719839
6.148119
5.653856
5.226559
4.904448
4.629776
4.412292
4.209303
4.006206
3.801514
3.594852
3.302647
3.212402
3.065932
2.943142
2.844529
2.768593
2.708522
2.661947
2.62601
2.599406
2.500000

RELATIVE HUMIDITY EQUALS OR EXCEEDS 70 PER CENT, ACTUAL VISIBILITIES AND CONTRASTS MAY BE MUCH

DRY WEATHER CROSSPLUME VISIBILITIES ARE AT LEAST .2500 MILES, AT AND BEYOND

CROSSPLUNE

VISIBILITY

FOR LOW RH
(MILES)

3814 *
16639 *
.20033 *
26110 .
28798 .
34375 =
41005 *
49531 *
2.77950"
4.85225 o
6.50535 .
7.81701 *
8-”0’6 .
9.93128
10.67027 .
11.30029 *
11.79633 *
12.24201 *
12.64243
12.98222
13.27425
13.53967 *
13.76912
13.94434
14.10686 .
14.25223 *
14.37065 *
14.48181 *
14.58158 .
14.65986 o
14.73432 *
16.18662 *

CONTRAST
RATIO AT

.2500
MILES

006421 *
011096 .
023792 *
044767 *
074228 .
13189 *
.160983 *
216015 *
276118 .
334499 *
.389790 *
440093 *
488784 *
535217 .
573261 *
608364 *
.638837 *
669593 .
701192 .
732599 *
764048
795269 *
824260 *
848809 *
870327 *
.888150 .
902242 *
913632 .
.922627 *
929451 *
934847 *
954783 .

+2500 RILES.

7.0000 HOURS AFTER FIRE START TIRE.

DOWNWIND

DISTANCE

FROM FIRE
(kM)

.100
J26
.158
.200
51
316
398
.501
.631
9%
1.000
1.259
1.585
1.995
2.512
3.162
3.981
5.012
6.310
7.943
10.000
12.589
15.849
19.953
25.119
31.623
39.811
50.119
63.0%
79.433
100.000
BACKGROUND

LESS THAN ESTIMATED.
.251 XM FROM THE FIRE.



asssasasssssnunnsawuwen PROGRAM VSNOKE - VERSION 19950128 = s s s s s s sssszsassxsnassunsas
VSMOKE. IPT OUTPUT FILE EXAMPLE:

WORST (HIGHEST) RELATIVE HUMIDITY = 90 PER CENT

WORST (LOMEST) DISPERSION INDEX = 1 = VERY PIR

WORST (HIGHEST) LOW VISIBILITY OCCURRENCE RISK INDEX ® 7 = (20 TO 40 TIMES BASE LINE)
(THE BASE LINE RISK OF LOW VISIBILITY QCCURRENCE IS ABOUT 1 IN 1000)

WORST INDIVIDUAL OCCURRENCE SMOKE CONCENTRATION/VISIBILITY TABLE:

THE FOLLOWING TABLE IS BASED ON A CRITICAL COMTRAST RATIO = 0,050000, WITH HORIZONTAL CROSSPLUME VISIBILITY = .2500 RILES.
DOWNWIND PN CENTERLINE €0 CENTERLINE CROSSPLUME CONTRASY DOWNWIND
DISTANCE CONCENTRATION CONCENTRATION VISIBILITY RATIO AT DISTANCE
FROM FIRE  (INCL. BKGPM) (INCL. BKGCO) FOR LOW RH 2500  FROM FIRE
(KN) (UG/M**3) (PPM) (MILES) RILES (KM)
.100 4038.006 27.818780 L15814 * 004421 .100
.126 351777 23.483840 .16639 * .011006 * 126
.158 2783.040 19.891090 .20033 . 023792 * .158
.200 2311.678 16.9134% 24110 * 044767 - .200
.251 1934.640 14.531710 28798 . 074228 . .251
316 1620.052 12.544310 34375 . L113189 *+ 316
.398 1357.391 10.885200 41005 * 160983 * 398
501 1138.133 9.500134 49531 . .216015 . 501
631 955.092 8.343853 2.77950 * .276118 * 631
9% 812.072 7.440386 4.85225 o 334499 . .79
1.000 698.008 6.719839 6.50535 o 389790 * 1.000
1.259 607.503 6.148119 7.81791 * 440093 . 1.259
1.585 529.261 5,653856 8.95096 * 488784 1.585
1.995 461.619 5.226559 9.93128 * 535217 = 1.995
2.512 410.628 4.904448 10.67027 o S73261 * 2.512
3.162 367.147 4.629776 11.30029 608364 * 3.162
3.981 332.719 4.412292 -11.79633 * 638837 * 3.981
5.012 300.586 4.299303 12.24201 669593 . 5.012
6.310 260.435 4.0062% 12.64243 # 701192 * 6.310
7.943 236.032 3.801514 12.98222 732599 * 7.943
10.000 203.317 3.594652 13.27425 # 764048 *  10.000
12.589 171.303 3.392647 13.53967 . 795269 «  12.589
15.849 142.774 3.212402 13.70607 826260 «  15.849
19.953 119.508 3.965932 13.71867 848809 * 19.953
25.119 100.150 2.913142 13.72698 870327 * 25.119
31.623 84.540 2.844529 13.72819 * .888150 . 31.623
39.811 72.519 2.768593 13.72818 902242 *  39.811
50.119 63.009 2.753037 13.72857 o 913632 «  50.119
63.096 55.637 2.752491 13.728% * 22627 * 63.096
79.433 50.090 2.752044 13.73020 * Je051 * 79433
100.000 45.736 2.751679 13.73279 * 934847 *  100.000
SACKGRDUND 36.000 2.750000 13.78861 » 947133 * BACKGROUND

e <0 RELATIVE HUMIDITY EQUALS OR EXCEEDS 70 PER CENT, ACTUAL VISIBILITIES AND CONTRASTS RAY SE MUCH LESS THAN ESTIMATED.
. DRY WEATHER CROSSPLUME VISIBILITIES ARE AT LEAST .2500 RILES, AT AND BEYOND .251 KM FROM THE FIRE.

LRUNOK = T

END OF VSHOKE RUN.
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Appendix IV—

Index of Output
Data

This appendix gives a detailed index of line and column postion and

format for VSMOKE output variables and supporting textua information

as it appears in the find output file, VSMOKE.OUT. Included in the appendix are
line number, column postion(s), and (as applicable) input/output format. This
appendix is intended to aid those developing automated post-processors. The data
in the appendix are given by section and line number, following the order given in
Appendix 11l. Even though text is delimited by quotation marks (") in this
appendix, quotes do not appear in the output. Variable names are in capita letters,
and brief explanations follow in parentheses if needed. Explanations are separated
from the variable name by two or more blanks. The forma information follows
FORTRAN 77 conventions:

1. A - denotes input/output processng of CHARACTER data

2. nnX - denotes one or more (as specified by nn) position “skips” (generaly,
used only for blanks).

3. Lnn - denotes LOGICAL data, where nn is the number of spaces alowed for
the data; generaly, only the rightmost position is used to display T or F &s

appropriate.

4. Inn - denotes INTEGER data, where nn is the number of spaces alowed for the
data.

5. Fnn.dd - denotes REAL data displayed in decima notation, where nn is the total
number of spaces dlowed for the data; space for the decima point and possible
sign must be included, dd is number of places displayed to the right of the decimal
point.

6. Enn.dd - denotes REAL data displayed in exponentia notation, where w is the
total number of spaces dlowed for the data, and dd is the number of places
displayed to the right of the decima point within the mantissa; » must be at least
seven spaces larger than dd to allow space for the decima point and sign in the
mantissa and space for the display of the exponent; exponent display is generaly
of the form Espp, where s is the sign and pp is the positive or negative power of
10.

Should VSMOKE generate a numerical value that “overflows’ the space allowed,
asterisks will occupy the complete field. An attempt has been made to design
VSMOKE so this problem will not occur under ordinary operations using
physicaly redistic input variables. However, such behavior can be “forced” for
certain output fields when the code is mathematically exercised. The user should
note that asterisks cannot be successfully read by a FORTRAN 77 program
directly into a numericad data field. Because VSMOKE outputs asterisks within its
table headings and uses them to display high humidity warnings for sightline-
related variables, any FORTRAN 77 post-processor making specific use of
numerical data will need to test for asterisks within the various specific positions
dlocated to numerical data within the output file.
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Section 1 = Echo-Print

Variable/Text Line(s) Column(s) Format
Leading colons 1 odd, 1- 45 A
Blank spackos ~ colons 1 een 2- 46 A
Blank leader within KHEADR 1 47 A
‘PROGRAM VSMOKE", within KHEADR 1 48- 61 A
nen ,W|th|nKHEADR 1 62- 64 A
“VERSION ", within KHEADR 1 65- 72 A
yyyymmdd, within  KHEADR 1 73- 80 A’
Blanktrailerwithin KHEADR 1 81 A
Blankspacks  colons 1 even, 82- 126 A
Traling colons 1 odd, 83-127 A
Lines 2 and 3 are skipped.

Blanks 4 1- 30 30X
Text for section header 4 31- 80 A
Lines 57 are skipped.

Text « "KTITLE:" 8 1- 7 A
Line 9 is skipped.

KTITLE (echo-print) 10 1- 72 A

. ..The remainder of Section 1 congsts of an echo-print of the data within the input file,
VSMOKEIPT. The length of the remainder of Section 1 and the appearance and location of echo-
print data within the output file, VSMOKE.OUT, depend upon both the data within the input file
and the methods used by the host computer system to process FORTRAN 77 ligt-directed output
statements.

13[2maybeused.

123



Section 2 « Period-by-Period Analysis

Format

Variable/Text Line(s) Column(s)
Leadingplussigns | odd, 1-45
Blank spacers for plus signs 1 even, 2- 46
Blank leader within KHEADR 1 47
“PROGRAM VSMOKE", within KHEADR 1 48- 61
"o ", within KHEADR 1 62- 64
“VERSION", within KHEADR 1 65- 72
yymmdd, with KHEADR 1 73- 80
Blank trailer withinKHEADR ! 81
Blank spacers for plus signs | even, 82-126
Trailingplussigns | odd, 83-127
Line 2 is skipped.
KTITLE 3 1- 72
Blanks 4 I-102
"ACRES =" 4 103-1 13
ACRES 4 114-127
"LSTBDY =" 5 1- 8
LSTBDY (T/F value is on col. 13) 5 9- 13
Blanks 5 14- 21
"PERIOD =" 5 22- 29
| (thatis,the PERIOD) 5 30- 34
Blanks 5 35- 47
"IRH =" 5 48- 55
IRH 5 56- 60
Blanks 5 61- 74
"ELmE =ll 5 75- 82
ELINE 5 83- 93
Blanks 5 94- 102
"TONS =" 5 103- 113
TONS 5 114- 127
"LQREAD =" 6 1- 8
LQREAD (T/F value is oncol. 13) 6 9- 13
Blanks 6 14. 21
"NPRIOD =" 6 22- 29
NPRIOD 6 30- 34
Blanks 6 35- 47
"IDYNT =" 6 48- 55
IDYNT 6 56- 60
! 312 may be used.
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Section 2 - Period-by-Period Analysis (Continued)

Variable/Text Line(s) Column(s) Format
Blanks 6 61- 74 14x
"TFIRE =" 6 75- 82 A
TFIRE 6 83- 93 F11.4
Blanks 6 94-102 9x
"CRITPM =" 6 103-113 A
CRITPM 6 114-127 F14.3
“LSIGHT=" 7 1- 8 A
LSIGHT (T/F value is on col. 13) 7 9-13 LS
Blanks 7 14- 21 8X
"HRSIM =" 7 22- 29 A
HRSIM 7 30- 39 F10.4
Blanks 7 40- 47 8X
"ISTAB =" 7 48- 55 A
ISTAB 7 56- 60 15
Blanks 7 61- 74 14x
"THOT =" 7 75- 82 ‘A
THOT 7 83- 93 F11.4
Blanks 7 94-102 9x
"EMTQPM(]) =" 7 103-113 A
EMTQPM(I) 7 114-127 E14.7
"LGRISE =" 8 1- 8 A
LGRISE (T/F value is on col. 13) 8 9. 13 L5
Blanks 8 14- 21 8Xx
"HRSTRT =" 8 22- 29 A
HRSTRT 8 30- 39 F10.4
Blanks 8 40- 47 8X
"AMIX =" 8 48- 55 A
AMIX 8 56- 61 F6.0
Blanks 8 62- 74 13x
“TCONST =" 8 75- 82 A
TCONST 8 83- 93 F11.4
Blanks 8 94-102 9x
"EMTQCO() =" 8 103-113 A
EMTQCO(D) 8 114-127 E14.7
“LTOFDY =" 9 1- 8 A
LTOFDY (T/F value is oncol. 13) 9 9- 13 LS
Blanks 9 14- 21 8X
"HRNTVL =" 9 22- 29 A
HRNTVL 9 30- 39 F10.4
Blanks 9 40- 47 8X

nU =" 9 48- 55 A

U 9 56- 62 Fr7.1
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Section 2 - Period-by-Period Analysis (Continued)

1

Variable/Text Line(s) Column(s) Format
Blanks 9 63- 74 12x
“TDECAY =" 9 75- 82 A
TDECAY 9 83- 93 F11.4
Blanks 9 94-102 9x
"EMTQH() =" 9 103-113 A
EMTQH(I) 9 114-127 E14.7
"TYEAR =" 10 1- 8 A
IYEAR 10 9- 13 15
Blanks 10 14- 21 8X
"ALAT =" 10 22- 29 A
ALAT 10 30- 39 F10.4
Blanks 10 40- 47 8X
"OYINT =" 10 48- 55 A
OYINT 10 56- 64 F9.3
Blanks 10 65- 74 10x
"EFPM =" 10 75- 82 A
EFPM 10 83- 93 F11.4
Blanks 10 94-102 9x

"F =" 10 103-113 A

F 10 114-127 E14.7
MO =" 11 1- 8 A
MO 11 9-13 15
Blanks 11 14- 21 8X
"ALONG =" 11 22- 29 A
ALONG 11 30- 39 F10.4
Blanks 11 40- 47 8X
"OZINT =" 11 48- 55 A
OZINT 11 56- 64 F9.3
Blanks 11 65- 74 10x
"EFCO =" 11 75- 82 A
EFCO 11 83- 93 F11.4
Blanks 11 94-102 9x
"THETA =" 11 103-1 13 A
THETA 11 114-127 E14.7
"IDAY =" 12 1- 8 A
IDAY 12 9- 13 15
Blanks 12 14- 21 8X
"TIMZON =" 12 22- 29 A
TIMZON 12 30- 39 F10.4
Blanks 12 40- 47 8X
"RHO =" 12 48- 55 A

RHO 12 56- 67 F12.6
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Section 2 « Period-by-Period Analysis (Continued)

Variable/Text Line(s) Column(s) Format
Blanks 12 68- 74 7X
"RFRC =" 12 75- 82 A
RFRC 12 83- 93 F11.4
Blanks 12 94-102 9x
"EMTQR(D) =" 12 103-113 A
EMTQR() 12 114-127 E14.7
Line 13is skipped.
Line 14 is skipped.
“DISPERSION INDEX =" 15 1- 18
IDSPNX (rounded DI value) 15 19- 22 14
"o 15 23- 25 A
KDSPNX(IDX) (DI adjective) 15 26- 37 A
Blanks 15 38- 55 18X
“LOW VISIBILITY OCCURRENCE" 15 56- 80 A
"RISK INDEX =" 15 81- 93 A
ILVRI (value of LVORI) 15 94- 96 3
" 15 97- 99 A
KLVORI(ILVRI) (describes LVORI) 15 100-127 A
Blanks 16 1- 54 54x
“(THE BASE LINE RISK OF LOW” 16 55- 80 A
"VISIBILITY OCCURRENCE IS " 16 81-106 A
“ABOUT 1 IN 1000)" 16 107-122 A
Line 17 is skipped.
IE LSIGHT = TRUE, THEN:
Line 18 appears as follows:
“THE FOLLOWING TABLE ISBASED ON” 18 1- 31 A
" A CRITICAL CONTRAST RATIO = (" 18 32-61 A?
CCOCRT 18 62- 68 F7.6
" WITH HORIZONTAL CROSSPLUME” 18 69- 97 A
" VISIBILITY =" 18 98-1 10 A
VISCRT 18 111-120 F10.4
"MILES.” 18 121-127 A

ELSEIF LSIGHT = FALSE, THEN:

Line 18 is skipped.

END Line 18 block [E.

2 Can use F8.6 for cd. 61-68
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Section 2 - Period-by-Period Analysis (Continued)

Variable/Text Line(s) Column(s) Format
“PERIOD” 19 1- 6 A
| (that is, the PERIOD) 19 7- 10 14
" .SMOKECONCENTRATION” 19 11- 34 A
Line 19 (continued)
IE LSIGHT = TRUE, THEN:
Line 19, Col. 35- 54 appears as follows:
"/VISIBILITY TABLE: " 19 35- 54 A
ELSE IF LSIGHT = FALSE, THEN:
Line 19, Col. 35- 54 appears as follows:
"TABLE: ----- " 19 35- 54 A
END Line 19, Col. 35-127 block [F
"HRSIM =" 19 55- 61 A
HRSIM 19 62- 71 F10.4
w === THAT IS 19 72- 88 A
HRFIRE 19 89- 98 F10.4
" HOURS AFTER FIRE START TIME.” 19 99-127 A
Line 20 is skipped.
IELSIGHT=TRUE, THEN:
Lines 21-24 appear as follows:
“DOWNWIND " 21 1- 13 A
" PLUME " 21 14- 25 A
“HORIZONTAL " 21 26- 39 A
"VERTICAL " 21 40- 54 A
“PMCENTERLINE " 21 55- 72 A
“CO CENTERLIIW " 21 73- 89 A
“CROSSPLUME " 21 90-103 A
" CONTRAST” 21 104-113 A
" DOWNWIND" 21 114-125 A
“DISTANCE " 22 1- 13 A
“HEIGHT/ " 22 14- 25 A
“DISPERSION " 22 26- 39 A
“DISPERSION " 22 40- 54 A
“CONCENTRATION " 22 55- 72 A
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Section 2 - Period-by-Period Analysis (Continued)

Variable/Text Line(s) Column(s) Format
“CONCENTRATION " 22 73- 89 A
"VISIBILITY *" 22 90-103 A
"RATIO AT” 22 104-113 A
" DISTANCE” 22 114-125 A
“FROM FIRE " 23 1- 13 A
" DEPTH " 23 14- 25 A
“COEFFICIENT " 23 26- 39 A
“COEFFICIENT " 23 40- 54 A
"(INCL. BKGPM) " 23 55- 72 A
“(INCL. BKGCO) " 23 73- 89 A
“FORLOWRI-lI " 23 90-103 A
VISCRT 23 104-113 F10.4
" FROMFIRE” 23 114-126 A
" (KM) " 24 1- 13 A
“(METERS) " 24 14- 25 A
* (METERS) " 24 26- 39 A
" (METERS) " 24 40- 54 A
"(UGM?}) " 24 55- 72 A
" (PPM) " 24 73- 89 A
" (MILES) " 24 90-103 A
" MILES " 24 104-113 A
" (KM 24 114-123 A

ELSE IF LSIGHT = FALSE, THEN
Lines 21-24 appear as follows:

“DOWNWIND " 21 1-13 A
" PLUME " 21 14- 25 A
“HORIZONTAL " 21 26- 39 A
" VERTICAL " 21 40- 54 A
“PM CENTERLINE " 21 55- 72 A
“COCENTERLINE” 21 73- 85 A
" DOWNWIND" 21 86- 97 A
“DISTANCE " 22 1- 13 A
"HEIGHT/ " 22 14- 25 A
“DISPERSION " 22 26- 39 A
“DISPERSION " 22 40- 54 A
“CONCENTRATION " 22 55- 72 A
. “CONCENTRATION” 22 73- 85 A
" DISTANCE” 22 86- 97 A
“FROM FIRE " 23 1- 13 A
" DEPTH " 23 14- 25 A
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Section 2 = Period-by-Period Analysis (Continued)

Variable/Text Line(s) Column(s) Format
“COEFFICIENT " 23 26- 39 A
“COEFFICIENT * 23 40- 54 A
“(INCL. BKGPM) " 23 55- 72 A
“(INCL. BKGCO)” 23 73- 85 A
" FROM FIRE” 23 86- 98 A
" (KM) " 24 1_ 13 A
“(METERS) " 24 14- 25 A
" (METERS) " 24 26- 39 A
" (METERS) " 24 40- 54 A
"(UGM3 " 24 55-72 A
" (PPM) " 24 73- 85 A
" (KMY 24 86- 95 A

END Lines 21 t024 block IF.

Line 25 is skipped.
IELSIGHT =TRUE, THEN:
Lines 26-56 appear as follows:
XKM (downwind distance) 26-56 1- 8 F8.3
H (plume height/depth) 26-56 9-21 F13.3
QY (sigma-y) 26-56 22- 35 F14.3
OZ (sigma-z) 26-56 36- 49 F14.3
CHIPM (particulate conc.) 26-56 50- 67 F18.3
CHICO (carbon monoxide conc.) 26-56 68- 85 F18.6
VXPLMI (sightline visibility) 26-56 86- 99 F14.5
Blank 26-56 100 1x
Blank (or asterisk,JE RHGE.70%) 26-56 101 A
CCOVCT (contrast ratio) 26-56 102-113 F12.6
Blank 26-56 114 1x
Blank (or asterisk,JE RH.GE.70%) 26-56 115 A
Blanks 26-56 116-117 2X
XKM (repeated for readability) 26-56 118-125 F8.3
ELSE IF LSIGHT =FALSE, THEN
Lines 26-56 appear as follows:
XKM (downwind distance) 26-56 1- 8 F8.3
H (plume height/depth) 26-56 9- 21 F13.3
QY (sigma-y) 26-56 22- 35 F14.3
OZ (sigma-z) 26-56 36- 49 F14.3
CHIPM (particulate conc.) 26-56 50- 67 F18.3
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Section 2 - Period-by-Period Analysis (Continued)

Variable/Text Line(s) Column(s) Format
CHICO (carbon monoxide conc.) 26-56 68- 85 F18.6
Blanks 26-56 86- 89 4x
XKM (repeated for readability) 26-56 90- 97 F8.3

END Lines 26 to 56 block JF.

IF LSIGHT = TRUE, THEN:

Line 57 appears as follows:
“BACKGROUND” 57 1- 10 A
Blanks 57 11- 16 A
"N/A" 57 17- 19 A
Blanks 57 20- 30 A
"N/A" 57 31- 33 A
Blanks 57 34- 44 A
"N/A" 57 45_ 47 A
Blanks 57 48- 51 A
CHIPM (particulate conc.) 57 52- 67 F16.3
CHICO (carbon monoxide conc.) 57 68- 85 F18.6
VXPLMI (sightline visibility) 57 86- 99 F14.5
Blank 57 loo 1x
Blank (or asterisk,JE RH.GE.70%) 57 101 4
CCOVCT (contrast ratio) 57 102-113 F12.6
Blank 57 114 1x
Blank (or asterisk, JERH.GE 70%) 57 115 A
Blanks 57 116-117 2X
“BACKGROUND” (repeated) 57 118-127 A
ELSE IF LSIGHT = FALSE, THEN
Line 57 appears as follows:
“BACKGROUND” 57 1- 10 A
Blanks 57 11- 16 A
"N/A" 57 17- 19 A
Blanks 57 20- 30 A
"N/A" 57 31. 33 A
Blanks 57 34- 44 A
"N/A" 57 45- 47 A
Blanks 57 48- 51 A
CHIPM (particulate concentration) 57 52- 67 F16.3
CHICO (carbon monoxide concentration) 57 68- 85 F18.6
Blanks 57 86- 89 4x
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Section 2 - Period-by-Period Analysis (Continued)

Variable/Text Line(s) Column(s) Format
“BACKGROUND” (repeated) 57 90- 99 A
END Line 57 block IF.

Line 58 is skipped.

IE LSIGHT = TRUE, AND RELATIVE HUMIDITY EQUALS OR EXCEEDS 70 PERCENT,

THEN:
Line 59 appears as follows:

"* RELATIVE HUMIDITY " 59 1- 24 A
“EQUALS OR EXCEEDS 70 PERCENT,” 59 25- 54 A
" ACTUAL VISIBILITIES AND " 59 55- 79 A
“CONTRAST RATIOS MAY BE MUCH " 59 80-101 A
“LESS THAN ESTIMATED.” 59 102-121 A

ELSEIF LSIGHT = FALSE, Q&RELATIVE HUMIDITY ISLESS THAN 70 PERCENT, THEN:
Line 59 is skipped.

END Line 59 block IF.

IF LSIGHT =TRUE, THEN:
Line 60 appears as follows:

Blank (or asterisk [E RH.GE.70%) 60 1 A
Blanks 60 2- 10 A
“DRY WEATHER CROSSPLUME " 60 11- 33 A
"VISIBILITIES ARE " 60 34- 50 A
“AT LEAST”, QR “LESS THAN " 60 51- 60 A
VISCRT 60 61- 70 F10.4
" MILES, AT AND BEYOND " 60 71- 92
DSKM(JVSOK), QR “100.000™ 60 93- 99 F7.3
" KM FROM THE FIRE.” 60 100-1 17 A
LSE IF LSIGHT = FALSE, THEN

Line 60 is skipped.

END Line 60 block IF.

Y Lii 60: First alternative applies if the crossplume visibility 100.000 km downwind is a least VISCRT.

4 Line 60: DSKM(JVSOK) is the shortest downwind distance for which estimated visibility is at least VISCRT at this
and dl longer distances in the program.

¥ OK for both
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Section 3 - Worst-Case Analysis

Variable/Text Line(s) Column(s) Format

Leadingequalssigns 1 odd, 1- 45 A
Blank spacers for equalssigns | even, 2- 46 A
BlankleaderwithinKHEADR | 47 A
“PROGRAM VSMOKE", within KHEADR ! 48- 61 A
" . " within KHEADR 1 62- 64 A
“VERSION ", within KHEADR 1 65- 72 A
yymmdd, withiu KHEADR 1 73- 80 A
BlanktrailerwithinKHEADR | 81 A
Blank spacers for equalssigns ! even, 82- 126 A
Trailingequalssigns | odd, 83- 127 A

Line 2 is skipped.
KTITLE 3 1- 72

Line 4 is skipped.
“WORST (HIGHEST) " 5 1- 16 A
"RELATIVE HUMIDITY =" 5 17- 36 A
IWRH 5 37- 39 13
"PERCENT” 5 40- 48 A

Line 6 is skipped.
“WORST (LOWEST) " 7 1- 15 A
“DISPERSION INDEX =" 7 16- 33 A
IWDINX 7 34- 37 14
" on 7 38_ 40 A
KWDINX (DI adjective) 7 41- 52 A

Line 8 is skipped.
“WORST (HIGHEST) LOW VISIBILITY " 9 1- 31 A
“OCCURRENCE RISK INDEX =" 9 32- 54 A
IWLVRI 9 55- 57 13
non 9 58- 60 A
KWLVRI (LVORI class description) 9 61- 88 A
“(THE BASE LINE RISK OF" 10 1- 23 A
"LOW VISIBILITY OCCURRENCE " 10 24- 49 A
“ISABOUT 1 IN 1000)” 10 50- 68 A

Line 11 is skipped.
IFLSIGHT = TRUE, THEN:

Lines 12 and 13 appear as follows:
! 312 may be used
Continued
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Section 3 =« Worst-Case Analysis (Continued)

Variable/Text Line(s) Column(s) Format
“WORST INDJVIDUAL OCCURRENCE " 12 1- 28 A
“SMOKE CONCENTRATION?” 12 29- 47 A
“IVISIBILITY TABLE” 12 48- 65 A
“THE FOLLOWING TABLE IS BASED ON” 13 1-31 A

" A CRITICAL CONTRAST RATIO =0" 13 32- 61 A?
CCOCRT 13 62- 68 F7.6
" WITH HORIZONTAL CROSSPLUME” 13 69- 97 A

" VISIBILITY =" 13 98-110 A
VISCRT 13 111-120 F10.4
"MILES.” 13 121-127 A

ELSEIF LSIGHT = FALSE, THEN:

Lines 12 and 13 appear as follows:

“WORST INDIVIDUAL OCCURRENCE "
“SMOKE CONCENTRATION”
“TABLE:"

Line 13is skipped.

END Line 18 block [F.

Line 14 is skipped.

IELSIGHT = TRUE, THEN:

12
12
12

1- 28
29 47
48- 54

> > >

Lines 15-18 appear as follows:

“DOWNWIND "

“PM CENTERLINE "
“CO CENTERLINE "
“CROSSPLUME "

" CONTRAST”

" DOWNWIND”
“DISTANCE "
“CONCENTRATION "
“CONCENTRATION "

2 Can use P8.6 for col. 61-68

15
15
15
15
15
15
16
16
16

134

1- 13
14- 31
32- 48
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73- 84

1- 13
14- 31
32- 48
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Section 3 - Worst-Case Analysis (Continued)

Variable/Text Line(s) Column(s) Format
“VISIBILITY " 16 49. 62 A

" RATIO AT” 16 63- 72 A

" DISTANCE” 16 73- 84 A
“FROM FIRE " 17 1-13 A
"(INCL. BKGPM) " 17 14- 31 A
"(INCL. BKGCO) " 17 32- 48 A
“FORLOWRH " 17 49- 62 A
VISCRT 17 63- 72 F10.4
" FROM FIRE” 17 73- 85 A

" (KM) " 18 1-13 A
"UGMH " 18 14- 31 A

" (PPM) O 18 32- 48 A

" (MILES) " 18 49- 62 A

" MILES " 18 63- 72 A

" (KM)" 18 73- 82 A

ELSEIF LSIGHT = FALSE, THEN:

“DOWNWIND "
“PM CENTERLINE "
“CO CENTERLINE”

" DOWNWIND”
“DISTANCE "
“CONCENTRATION "
“CONCENTRATION”
' DISTANCE”
“FROM FIRE "
“(INCL. BKGPM) "
“(INCL. BKGCO)”

" FROM FIRE”

" (KM) L]

n (UG M-3)

v (PPM) "

" (KM)"

END Lines 15 to 18 block IF.

Lines 15-18 appear as follows:

15
15
15
15
16
16
16
16
17
17
17
17
18
18
18
18

Line 19 is skipped.
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Section 3 « Worst-Case Analysis (Continued)

Variable/Text Line(s) Column(s) Format
IE LSIGHT = TRUE, THEN:
Lines 20-50 appear as follows:
DSKM(®J) (downwind distance) 20-50 1- 8 F8.3
WCHIPM(J) (worst part. conc.) 20-50 9- 26 F18.3
WCHICO(J) (wors CO conc.) 20-50 27- 44 F18.6
WVIS(J) (sghtline vighility) 20-50 45- 58 F14.5
Blank 20-50 59 1x
Blank (or asterisk, IE RH GE.70%) 20-50 60 A
WCC0(J) (worst contrast ratio) 20-50 61- 72 F12.6
Blank 20-50 73 1x
Blank (or asterisk, IE RH.GE.70%) 20-50 74 A
Blanks 20-50 75- 76 X
DSKM(J) (repested for readabil.) 20-50 71- 84 F8.3
ELSE IF LSIGHT = FALSE, THEN:
Lines 20-50 appear as follows:

DSKM(K) (downwind distance) 20-50 1- 8 F8.3
WCHIPM(J) (worst part. conc.) 20-50 9- 26 F18.3
WCHICO(J) (wors CO conc.) 20-50 27- 44 F18.6
Blanks 20-50 45- 48 4x
DSKM(J) (repeated for readabil.) 20-50 49- 56 F8.3
END Lines 20 to 50 block IF.

IF LSIGHT = TRUE, THEN:

Line 5 1 appears as follows:

“BACKGROUND" 51 1- 10 A
WCHIPM(21) (worst bkg. PM conc.) 51 11- 26 F16.3
WCHICO(21) (worst bkg. CO conc.) 51 27- 44 F18.6
WVIS(21) (worst bkg. vishility) 51 45- 58 F14.5
Blank 51 59 X
Blank (or asterisk, IF RH.GE.70%) 51 60 A
WCCO(21) (worst contrast ratio) 51 61- 72 F12.6
Blank 51 73 1x
Blank (or asterisk, IF RH.GE 70%) 51 74 A
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Section 3 - Worst-Case Analysis (Continued)

Variable/Text Ling(s) Column(s) Format
Blanks 51 75- 76 2X
“BACKGROUND"  (repeated) 51 77- 86 A

ELSE IF LSIGHT = FALSE, THEN:

Line 51 appears as follows:

“BACKGROUND” 51 1- 10 A
WCHIPM(21) (worst bkg. PM conc.) 51 11- 26 F16.3
WCHICO(21) (worst bkg. CO conc.) 51 27- 44 F18.6
Blanks 51 45- 48 C4X
“BACKGROUND”  (repeated) 51 49- 58 A
END Line 5 1 block [F.

Line 52 is skipped.

IF LSGHT = TRUE, AND RELATIVE HUMIDITY EQUALS OR EXCEEDS 70 PERCENT,
THEN:

Line 53 appears as follows:

"¢ RELATIVE HUMIDITY " 53 1- 24 A
‘EQUALS OR EXCEEDS 70 PERCENT,” 53 25- 54 A
" ACTUAL VISIBILITIES AND " 53 55- 79 A
‘CONTRAST RATIOS MAY BE MUCH " 53 80-101 A
‘LESS THAN ESTIMATED.” 53 102-121 A

ELSE IF LSIGHT = FALSE, OR RELATIVE HUMIDITY IS LESS THAN 70 PERCENT, THEN:
Line 53 is skipped.

END Line 53 block IF.
IF LSIGHT = TRUE, THEN:

Line 54 appears as follows:

Blank (or asterisk [F RH.GE.70%) o4 1 A
Blanks 54 2- 10 A
“DRY WEATHER CROSSPLUME " 54 11- 33 A
“VISIBILITIES ARE " 54 34- 50 A
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Section 3 - Worst-Case Analysis (Continued)

Variable/Text Ling(s) Column(s) Format
“AT LEAST", OR “LESS THAN ™ 54 51- 60 A
VISCRT 54 61- 70 F10.4
* MILES, AT AND BEYOND " 54 71- 92 A
DSKM(JVSOK), OR “100.000™ 54 93- 99 F1.33
* KM FROM THE FIRE” 54 100+ 17 A

ELSE IF LSIGHT = FALSE, THEN:

Line 54 is skipped.
END Line 54 block IF.

Line 55 is skipped.

Line 56 is skipped.
Line 57 is skipped.

“LRUNOK =" 58 1- 9 A

LRUNOK (LOGICAL, T vs. F, vaiable) 58 10 L1
Line 59 is skipped.

“END OF VSMOKE RUN." 60 1- 18 A

3 Line 54 First dtemative applies if the crossplume visibility 100.000 km downwind of the fire (e, the vaue of
VXPLMI a line 50, cols. 45-58) is at least VISCRT; otherwise, the second aternative applies.

4 Line 54 DSKM(JVSOK) is the shortest downwind distance for which estimated visibility is at least VISCRT a this
and al longer distances anayzed in the program.

$ OK for both.
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Table 1—Stability class dependent constants for determining 0y in

equation 23
Stabilityclass Value of A Value of B
(degrees) (degrees)
1 - extremely unstable 24.1670 -2.53340
2 « moderately unstable 18.3330 -1.80960
3-slightly unstable 12.5000 -1.08570
4d- near neutral -day 8.3333 -0.72382
4n = near neutral « night 8.3333 -0.72382
5= slightly stable 6.2500 -0.54287
6 = moderately stable 4.1667 -0.36191
7 « extremely stable 4.1667 -0.36191

Table 2—Approximate horizontal spread angles In degrees as a function
of downwind distance and stability class

Downwind Stabilityclass eeaeeccaaa ------
distance 1 2 3 4(d/n)* 5 6or7
(km)
0.100 30.000 22,500 15.000 10.000 7.500 5.000
1 .000 24.167 18.333  12.500 8.333 6.250 4.167
10.000 18.333 14.167  10.000 6.667 5.000 3.333
100.000 12.500 10.000 7.500 5.000 3.750 2.500

* Horizontal spread anglesare the same for stability class4—day or night.
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Table 3—Stability class and downwind distance dependent constants for
determining g, in equation 24

Stability Downwind
class distance Value of C Value of D
(km)

1 <0.1 122.8 0.9447
1 01 « 0.15 158.08 1.0542
1 0.15- 0.2 170.22 1.0932
1 0.2 - 0.25 179.52 1.1262
1 0.25+« 0.3 217.41 1.2644
1 0.3 - 0.4 258.89 1.4094
1 04 - 05 346.75 1.7283
| > 0.5 453.85 2.1166
2 <0.2 90.673 0.93 198
2 0.2 - 04 98.483 0.98332
2 >0.4 109.30 1.0971
3 all 61.141 0.91465
4 day <0.3 34.459 0.86974
4 day >0.3 32.354 0.81738
4 night <0.3 34.459 0.86974
4 night 03 - 1 32.093 0.81066
4 night 1 -3 32.093 0.64403
4 night 3 .10 33.504 0.60486
4 night 10 -30 36.650 0.56589
4 night >30 44.053 0.5 1179
5 <0.1 24.26 0.8366
5 01 - 0.3 23.33 1 0.81956
5 03 -1 21.628 0.75660
5 1 -2 21.628 0.63077
5 2 . 4 22.534 0.575 14
5 4 .10 24.703 0.50527
5 10 -20 26.970 0.46713
5 20 =40 35.420 0.37615
5 >40 47.618 0.29592
6or7 <0.2 15.209 0.81558
6or7 0.2 - 0.7 14.457 0.78407

Continued
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Table 3—Stability class and downwind distance dependent constants for
determining o, in equation 24 (continued)

Stability Downwind

class distance Value of C Vaue of D

(km)

6or7 07 - 1 13953 0.68465
6or7 1«2 13.953 0.63227
6or7 2 - 3 14.823 0.54503
6or7 I . 7 16.187 0.46490
6or7 7 15 17.836 0.41507
6or7 15«30 22.65 1 0.32681
6or7 30 - 60 27.074 0.27436
6or7 > 60 34.219 0.21716

Table 4-Dispersion Index Interpretation, adapted from Lavdas (1986)

DI velue Interpretation Conditions
> 100 Very Good May indirectly indicate hazardous burning conditions;

check fire weather

61 - 100 Good “Good burning weather” conditions (Southern  Forest
Fire Laboratory Personnel 1976) are typicaly in this range

41 - 60 Far to Good Climatological  afternoon values in mogt inland forested
areas of the United States are in this range

21-40 Fair Stagnation may be indicated if accompanied by persistent
low  windspeeds

13- 20 Fair to Poor Stagnation if persigtent, but better than average for a night
vaue

7-12 Poor Stagnant at day, but near or above average at night

1- 6 Very Poor Very frequent a night, occurs on a maority of nights in

many locations
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Table S-Low Visbility Occurrence Risk Index-as a function of relative humidity and Dispersion
Index based on the proportion of accidents with fog and/or smoke, as reported by the Florida
Highway Patrol, 1979-1981, (Lavdas and Hauck 1991)

Disperson  Index
Relative
Humidity | 2

w
N
o
[ep)

7-8 9-10 11-12 13-16 17-20 21-25 26-30 31-40 >40

<55
55-59
60-64
65-69
70-74
75-79
80-82
83-85
86-88
89-91
92-94
95-97
>97

Boovwooo~AbDbwwN
BOO\I\I@U“IU'I-POO(DCD‘-")N
©COD OO UTUTR w WWw N
O~NOOUUTADWWWWN
VOO UTUTARNRNWWWWN
VOO UTUADDRWWWNN
NOUIUTIOADNDWWNNN
OO ABRRARWWNNRN
CUURARRAWWWWNNN
UUTRARRWWWWNNN
DAADRADWWWWNNN
AARMAMRRAOWWWWHERERE
AARDRRRWWWRF —

Key to lo-point scae:

1 - Lowest proportion of accidents with fog and/or smoke reported (130 out of 127,604 accidents, or just over
1 out of 1,000 accidents in this category)

2. Physicd or datigtica reasons for not including as a part of category 1, but proportion of accidents with fog
andlor smoke not significantly higher

3 - Higher proportion of accidents than category 1, by about 30 to 50 percent, marginaly significant

4 - Significantly higher proportion than category 1, by about a factor of 2

5 » Significantly higher proportion than category 1, by a factor of 3 to 10

6 - Significantly higher proportion than category 1, by a factor of 10 to 20

7. Significantly higher proportion than category 1, by a factor of 20 to 40

8. Significantly higher proportion than category 1, by a factor of 40 to 75

9 . Significantly higher proportion than category 1, by a factor of 75 to 125

10 - Significantly higher proportion than category 1, by about a factor of 150

Note: The overal number of accidents with fog, smoke, or both reported is 3,235 out of a total of 433,649
accident reports andyzed. Of these, 604 included smoke, 2,972 included fog, and 341 included both.
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Table 6-Index of downwind distances by line number for
concentration (/visibility) tablesiu output Sections 2 and 3

Period/page
Downwinddistance line number Linenumber
from fire for Section 2 for Section 3
(km)

0.100 26 20
0.126 27 21
0.158 28 22
0.200 29 23
0.251 30 24
0.316 31 25
0.398 32 26
0.501 33 27
0.631 34 28
0.794 35 29
1.000 36 30
1.259 37 31
1.585 38 32
1.995 39 33
2.512 40 34
3.162 41 35
3.981 42 36
5.012 43 37
6.310 44 38
7.943 45 39
10.000 46 40
12.589 47 41
15.849 48 42
19.953 49 43
25.119 50 44
31.623 51 45
39.811 52 46
50.119 53 47
63.096 54 48
79.433 55 49
100.000 56 50
BACKGROUND VALUES 57 51
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Lavdas, Leonidas G. 1996. Program VSMOKE-Users Manua. Gen. Tech. Rep.
SRS-6. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern
Research Station. 147 p.

Thisis a users manua for VSMOKE, a computer program for predicting the smoke and
dry weather visibility impact of a single prescribed fire at several downwind locations.
VSMOKE is a FORTRAN 77 program that depends on the input in tile VSMOKE.IPT
to generate output in file VSMOKE.OUT. VSMOKE is based on steady-state Gaussian
plume modeling principles compatible with those used by the U.S. Environmenta
Protection Agency. VSMOKE is uniquely tailored as a plume model for a low to
moderate intensity ground fire as an emissions source.

Keywords. Computer models, prescribed fire, smoke, visibility, VSMOKE.
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